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Chapter I 

Introduction 

1.1 Motivation of studying InAs^Pj.^P heterostructures 

Research on semiconductor quantum wells and superlattices was initiated with a 

proposal by Esaki and Tsu[l] in  1969 for a one-dimensional potential structure 

"engineered" with epitaxy of alternating ultrathin layers. At the same time, the advent of 

a new growth technique, molecular beam epitaxy (MBE), opened the way to the growth 

of semiconductor heterostructures, with an accuracy of atomic-layer thickness control.[2] 

These quantum structures were quickly realized to be extremely useful for various 

electronic and optoelectronic devices. [3] In fact, materials, physics and device studies of 

semiconductor quantum structures have been the most attractive research activities for 

the last three decades.[3] III-V semiconductor compounds provide a great selection of 

bandgap, lattice constant, as well as various physical properties. Figure 1.1 shows the 

room-temperature bandgap of III-V semiconductor compounds vs. lattice constant. Solid 

and dashed curves show this relationship for ternary compounds with direct and indirect 

bandgaps, respectively. These materials possess, in many aspects, superior electrical and 

optical properties to the elemental semiconductors, Si and Ge. The bandgap can be tuned 

by choosing different materials or different composition of the ternary and quaternary 

compounds. However, for good epitaxial growth, the heterostructure constituents should 

have the same lattice structures and constants. This limits the choices of material 

combinations. In 1974, it was demonstrated that an epitaxial growth can be achieved 

pseudomorphically   from   lattice-mismatched  materials  with   the   lattice   mismatch 

accommodated by elastic strain provided that the strained layer is grown within a 



thickness limit. [4] The choice for heterostructure materials has thus been greatly 

expanded. 

FIG. 1.1 Room-temperature bandgap of HI-V semiconductor compounds vs. the lattice constant. 
This relation is shown by solid and dashed curves for ternary compounds with direct 
and indirect bandgap, respectively. 

One class of the many novel electronic and optoelectronic devices made of 

semiconductor quantum structures includes optical emitters, modulators and detectors 

operated at 1.3 Jim. This is the optimum wavelength for minimum dispersion in several 

varieties of optical fibers that are the transmission medium for modern fiberoptic 



communication systems. Quaternary compound Ini.yGayAsx?i.x grown on InP is used 

for these long-wavelength optoelectronic devices because its fundamental band gap is 

suitable for devices operated between 0.9 and 2.0 ^im. However, the composition control 

of the quaternary layers can be difficult, particularly when a specific absorption 

wavelength has to be obtained. [6] The quaternary-alloy quantum-well layer also 

possesses a high level of alloy disorder.[7] Another material system for 1.3 ^m emission 

is InGaAlAs/InAlAs quantum well structures[8] lattice-matched to InP substrates. In 

addition to the above difficulties, this Al-containing compound has an additional problem 

of deterioration of the cleaved facets due to oxidation. 

2.0 

E a. 

t  1.6 
c 
o 
• 
> 
a 

|1.2 
a 
a 
E 
u 

0.8 
0.0 0.2 0.4 0.6 

As Composition 
0.8 

FIG. 1.2 Calculated photon energies of room-temperature heavy-hole excitonic emission 
based on the envelope-function model, as a function of As compositions for 
InAs^Pj./InP quantum wells. 



One objective for the study performed as part of this dissertation is to explore a 

material system which can be a good alternative to these quaternary compounds for 1.3 

Urn waveguide modulators. These devices provide high-speed light switching and 

modulation based on the change of the absorption coefficient of the quantum wells under 

a modulated electrical bias. [9] Typical structures consist of multiple quantum well 

(MQW) with a well width of 100 Ä. With the quantum-size effect taken into account, the 

well material should have a fundamental bandgap of about 1.35 pn (-0.92 eV) for 1.3 

Urn emission. As shown in Fig. 1.1, In07Gao.3Aso.65Po.35 and ^.SS^/»^^^ are 

two quaternary quantum well materials, which are lattice matched to InP, with a 

fundamental bandedge emission at 1.35 [im (or 0.92 eV). In addition, two strained 

ternary compounds, Ino^gGaQ62As and InAso4P06, can be alternative materials. 

InAso 4P0 6« however, may be more favorable since the layer thickness and composition 

of this IIIVJVJ.J compound can be controlled independently in gas-source molecular 

beam epitaxy (GSMBE).[10] This can greatly simplify the tuning procedure of the 

emission from a quantum well to a specific wavelength.[10] The energy levels confined 

in a 100-Ä InAs^./InP quantum well[ll] was calculated as a function of the As 

composition in InAs^P^. As shown in Fig. 1.2, an excitonic emission can be obtained at 

1.3 um for an InAso4P0.6(100 Ä)/InP quantum well structure. Moreover, the emissions 

at 1.06 and 1.55 ^im could also be obtained with quantum structures with x~0.2 and 0.6, 

respectively. These wavelengths are also very important for optical information 

processing[ 12] and long-haul fiberoptic communication.[9] 

Quantum-well modulator devices operate on the basis of modulating optical 

absorption by applying an electric field due to the quantum-confined Stark effect.[9] 

Strained heterostructures grown on (lll)B substrates have been demonstrated to possess 

a built-in electric field due to the piezoelectric effect.[13] Some devices utilizing this 

internal piezoelectric field have unique characteristics. Therefore, we also extended our 
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study to InAs^-Pj.yinP quantum structures grown on InP (lll)B substrates. A successful 

synthesis of InAs^Pi./InP (lll)B quantum structures can be expected to provide more 

flexibility in designing novel devices. 

In spite of these potential device applications, research has not been conducted 

extensively on some of the very important issues on growth, structural and optical 

characteristics of InAsP/InP heterostructures; for instance, how to achieve an easy and 

repeatable composition control for IHVxVi_x compounds, how good the structural and 

optical qualities can be, can this quantum structure be superior for some device 

applications, and how good the heterostructure on InP (lll)B can be. Answers to these 

questions are apparently very important and valuable to the studies of materials and 

devices. This motivated our research presented in this dissertation. 

1.2 Brief survey of related studies 

InASjPi.j bulk materials received attention primarily because of the advantageous 

transport property. [14,15] Thick strain-relaxed layers grown by metalorganic chemical 

vapor deposition (MOCVD)[15,16] and MBE[17] were used for studying As 

incorporation in InAsP and the electrical and optical properties of bulk InAs^Pj.x. 

InAsP/InP heterostructures with good structural and optical properties were first 

demonstrated in 1988 by MOCVD.[18] In 1991, Woodward[12] and we ourselves[10,19] 

reported studies on this quantum structure, grown by GSMBE, for device applications. 

Since then a variety of device and fundamental studies have been presented. Optical 

modulators operated at 1.06 |im[12,20] and 1.3 nm[21], as well as 1.3 |xm lasers[22], 

have been fabricated. Furthermore, magneto-transport properties of two-dimensional 

electron systems were also investigated. [23] 

Epitaxial growth on (lll)B substrates is and has been an interesting and 

potentially rewarding research topic for materials science,[24,25] physics[13] and device 
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applications. Mirror-like surfaces were achieved either by controlling growth in a step- 

flow mode[26] on vicinal substrates, or by migration-enhanced epitaxy,[27] or by 

carefully choosing growth conditions. [28] A reduction of threshold current for a 

laser, [29] enhanced QCSE shift for a modulator structure, [30] and frequency doubling of 

the laser emission[31] are among the novel device studies for (lll)B GaAs/AlGaAs 

quantum structures. More interestingly, an internal electric field can be produced in 

strained (lll)B quantum structures due to the piezoelectric effect.[ 13,32] This makes 

possible novel nonlinear optical devices, such as self electrooptic-effect devices 

(SEEDs)[33] and optical switches using the inherent large optical nonlinearity.[34] 

Work to date in the study of (lll)B heterostructures has been primarily limited to 

structures grown on GaAs substrates. Little has been accomplished for the epitaxial 

growth on InP (111)B substrates.[35] 

1.3 Overview of this final report 

The emphasis of this final report is on the growth and optical properties of 

InAsxP!_x/InP quantum wells grown on InP (100) and (111)B substrates. 

The composition control is the first important issue for material synthesis, 

particularly because of a preferential incorporation of As in the InAsxPi_x over P. In 

Chapter 2, we present a comprehensive study of the As and P incorporation behavior in 

GaAsP, InAsP, and InGaAsP as a function of the group-Hi elements, substrate 

temperature and different strain states. We developed an in situ composition 

determination procedure for these materials using group-V-induced intensity oscillations 

of reflection high-energy electron diffraction (RHEED). In particular, the calibration for 

the As composition in InAsxP!_x is simply achieved by controlling the incorporation-rate 

ratio of As over In. 



Chapter 3 describes growth and structural characterization of InAsP/InP strained 

multiple quantum wells (MQWs) grown on InP (100) and (lll)B substrates. The 

comprehensive discussion includes (1) calculation and determination of the critical layer 

thickness for pseudomorphic growth; (2) different approaches to controlling the As 

composition in InAs^P^ over a wide range; (3) optimization of growth conditions for 

epitaxial growth on InP (lll)B substrates with respect to growth temperature, V/III 

incorporation ratio, and substrate misorientation; and (4) structural characterizations by 

transmission electron microscopy and x-ray rocking curve measurements, along with 

computer simulations. The results presented in this chapter show our samples possessing 

excellent material quality and precise structural parameters, which are essential for 

interpreting optical properties presented in Chapters 4 and 5. 

In Chapter 4, optical properties of (100) and (111)B InAsP/InP quantum wells are 

examined by various optical techniques to resolve subband excitonic transitions. 

Excellent optical properties are evidenced by sharp and intense excitonic transitions. A 

comparative study for (100) and (lll)B quantum structures reveal the significant 

difference of spectral signatures in these two substrate orientations. The difference is well 

accounted for by considering the valence band anisotropy, strain-induced band structure 

modulation and the piezoelectric effect in the (lll)B quantum wells. The valence band 

discontinuity is determined from the best fit of the theoretical calculation to the 

experimental result. A direct evidence of the existence of the piezoelectric field in (111)B 

InAsP/InP quantum wells is also presented by photoluminescence measurements with 

various pumping densities. An identification of the complete screening of the 

piezoelectric field allows an extraction of the heavy-hole effective mass along [111]. The 

theoretical and experimental examinations of optical properties of InAsP/InP strained 

quantum wells allow the determination of the band discontinuity and hole effective mass 
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and provide a better understanding of the quantum-size effect in InAsxPi_x/InP quantum 

wells. 

The first demonstration of the electroabsorption (EA) property of a 1.3 ^m 

InAsP/InP strained MQW modulator will be given in Chapter 5. In spite of the strain 

limitation, this material structure has shown excellent EA property with a significant red 

shift of the absorption peak and a large change of the absorption coefficient under a 

reverse bias due to QCSE. The energy shift is well accounted for in the effective well- 

width model. With the superior EA property to the more complex quaternary materials, 

InGaAsP/InP and InGaAlAs/InAlAs MQW's, InAsP/InP strained MQW's are promising 

for 1.3 jum waveguide modulators. Furthermore, a correlation of EA with structural 

properties of MQW structures with different numbers of periods shows that the strain 

relaxation can degrade the EA property by having a reduced energy shift and a smaller 

absorption coefficient. The InAsP/InP strained MQW structure is also demonstrated for 

1.06 /im spatial light modulators. 

Finally, included in Appendix A are two papers on our growth kinetic model for As 

and P incorporation behaviors in GaAsP and InGaAsP grown by gas-source MBE. 

Appendix B contains four papers on the use of linearly graded buffer layers for lattice- 

mismatched growth. In one case we grew a green light-emitting InGaP diode structure 

on a GaP substrate, and in other cases we investigated an InGaAs or InGaP 

compositionally graded buffer layer for phosphide-based heterostructures. Appendix C 

lists a total of 43 publications. 
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Chapter II 
In situ Composition Calibration for Mixed-Group-V Compounds 

by Group-V-Induced RHEED Oscillations 

2.1 Introduction 

Phosphide-based semiconductors, such as In^Ga^ASyP^j,, as well as the end 

member ternary alloys GaAsi-xP*, InASjP^, In/^^As, and In/ja^P, are useful 

materials for electronic and optoelectronic device applications. Among these materials, 

InGaAsP/InP [1-3] and strained InAsP/InP [4-6] quantum well structures are of great 

importance for long-wavelength optoelectronic applications, because the fundamental 

bandgaps of In^Ga^ASyP^ and InAs^P^ can be tuned to achieve bandedge emissions 

from 0.9 to 2 |im.[l] This range includes the optimum wavelengths for minimum 

dispersion and minimum absorption loss in several varieties of optical fibers that are the 

transmission media for modern fiberoptic communications systems. Various kinds of 

state-of-the-art light-emitting, modulating and detecting devices made of the 

In^GajAsyPj.j/InP material system have been demonstrated.[3] Previously, the growth 

of phosphorus-containing materials have been mainly accomplished by liquid phase 

epitaxy (LPE), vapor phase epitaxy (VPE), and metalorganic chemical vapor deposition 

(MOCVD), but not by molecular beam epitaxy (MBE). 

MBE possesses a unique ability to prepare abrupt interfaces at heterojunctions, 

and extremely abrupt doping profiles and layer-thickness control down to the monolayer 

range. Consequently, this capability permits us to engineer the band structure by 

changing the alloy composition, the layer thickness, or the doping levels. By using As2 

and P2 from cracked gaseous hydrides, arsine (AsH3) and phosphine (PH3), in an MBE 

12 
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system, we can grow arsenides, phosphides and mixed-group-V compounds. However, 

achieving precise composition control in mixed group-V compounds, e.g., the quaternary 

lni.xGaxASyPi.y, has proven to be difficult^] owing to the different incorporation 

behavior of As and P. [7] Furthermore, this incorporation behavior also depends on 

group-Ill elements, since the As incorporation is different in GaAsP and InAsP.[8,9] 

There is no simple relation between gaseous flows and solid-phase compositions of the 

group-V elements.[10] The arsenic composition in Inj.^Ga^ASyPj.y reported so far has 

been determined by composition calibrations with x-ray diffraction, optical and other ex 

situ measurements for thick as-grown layers. Two composition parameters in 

In^Ga^ASyP^y have to be determined by at least two independent methods. Based on 

these ex situ calibrations, the data are then fed back to fine tune the growth parameters in 

order to obtain the desired compositions. It is very important, therefore, to develop an in 

situ technique for composition calibration. 

To determine the composition of mixed group-Ill alloys, on the other hand, 

intensity oscillations of reflection high-energy electron diffraction (RHEED)[11] are 

extensively used. By measuring the growth rates of different group-Ill elements, the 

composition can be obtained readily. However, the RHEED technique cannot be simply 

applied to determine the As composition in mixed-group-V compounds, such as InAsP, 

since its growth rate is governed only by the In beam flux under normal growth 

conditions (group-V rich) with an arsenic and/or phosphorus over pressure. In 1984, 

Neave et al. [12] reported a modified RHEED oscillation technique to determine the As 

incorporation rate. They observed RHEED oscillations on a Ga-rich GaAs surface, where 

the oscillation period, or "growth rate", is controlled by the As flux. Hereafter, we will 

call this RHEED technique as group-V-induced RHEED oscillations. 

In this chapter, we describe a technique for composition control of mixed-group- 

V compounds by group-V-induced RHEED oscillations. A systematic study is presented 
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on the incorporation behavior of As and P with In and Ga in gas-source molecular beam 

epitaxy (GSMBE). The As composition in GaAs^R,. and InAs.^ can be controlled by 

an in situ incorporation-rate calibration. The viability of this in situ technique was 

verified by extensive ex situ composition determinations. Combining the knowledge for 

in situ composition calibration of both InAs^P^ and GaAs^P*, we were able to 

determine the composition in quaternary In ^Ga^ASyP!_.,,. This chapter is organized as 

follows. A brief description is given of the GSMBE technology, and of our GSMBE 

setup; general growth conditions will be presented in Section 2. In Section 3 the group- 

V-induced RHEED oscillations will be described as a method for determining the As or 

P incorporation rate. The in situ technique for composition control for GaAs^Pj is 

described in Section 4; and that applied to InASj-P^ in Section 5. We then briefly 

introduce the implementation of the As and P incorporation studies to composition 

control of the quaternary In^^Ga^ASyPj.y in Section 6. In Section 7 a summary of this 

work will be given as a conclusion. 

2.2 Brief description of GSMBE 

During the past two decades there has been a parallel development in the physics 

and device applications of heterostructures and in the growth of a variety of 

semiconductor heterostructure materials. Epitaxy methods have provided new degrees of 

freedom for basic research and device development. Achievement in device studies, such 

as the first success of heterostructure lasers,[13] in turn provided a powerful incentive to 

improve the epitaxial growth process in thickness, composition, doping profile, and more 

abrupt interfaces for more complex structures. MBE is an advanced and versatile 

technique for semiconductor thin film preparation. It is based on the thermal evaporation 

of highly pure elemental sources in an ultra-high vacuum chamber (~10"10 torr). 
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Tremendous efforts, with Cho paving the way,[14] have been made towards developing 

MBE into a practical epitaxy technology for growing high-quality materials. 

However, the reproducible growth of high-quality P-containing compounds is not 

among the many achievements of the conventional MBE. Though a pioneering MBE 

growth of GaAsP was carried out by Arthur and Lepore by using a solid effusion source 

of phosphorus,[15] the result was not satisfactory. A major difficulty arose because the 

elemental phosphorus source, which initially consists of red phosphorus, contains a 

mixture of allotropic forms. Each allotropic form has a different vapor pressure, and the 

amount present depends on the subsequent thermal history of the effusion cell. A further 

severe difficulty is that the low incorporation efficiency of P4 necessitates a very high 

phosphorus pressure (such as P4/In-100) to maintain a good surface morphology. [16] 

This in turn leads to a short life time of the source and a very large buildup of flammable 

white phosphorus in the MBE chamber. Worst of all, the large capacity and low 

vaporization temperature of the solid arsenic and phosphorus sources result in a poor 

conductivity and slow thermal response. Therefore, it is very difficult to achieve the 

necessary control over the ratio of As to P by using solid phosphorus. [10,15,16] 

The gas-source method was reported by Panish in 1980 with the intention of 

growing InGaAs(P)/InP heterostructures.[17] The atomic beams of the group-Ill 

elements were generated, as in conventional MBE, by evaporation of Ga and In from 

effusion cells. However, the arsenic and phosphorus beams were generated as a result of 

the decomposition of AsH3 and PH3 through a high-temperature cracker. Thermally 

cracked AsH3 and PH3 can provide high purity As2 and P2 beams,[18] and the arsenic 

and phosphorus fluxes can be controlled precisely and conveniently by controlling the 

flow rates of AsH3 and PH3 with electronic mass-flow controllers or controlling the 

upstream pressure of a leak valve with a baratron. The switching and changing of the gas 

stream can be very fast and stable by a run-vent technique, in which the gas flow is 
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temporarily directed to an exhaust line when the flux is not in use for growth.[18] The 

only drawback for using AsH3 and PH3 in this epitaxy method is that the AsH3 and PH3 

are very toxic gases; thus, a comprehensive exhaust system has to be built to ensure the 

operation safety. A variety of efforts are being made to explore other As- and P- 

containing compounds with less toxicity.[19] In addition to the advancement in gas- 

source technology, the valved cracker, using a needle valve to control the flux from red 

solid phosphorus, has been demonstrated to be a promising technology to grow 

phosphide in a conventional MBE system. [20] 

Our experiments were carried out in an Intevac (Varian) Modular GEN-II MBE 

machine, which was modified to handle gas sources. Two 2200 //s cryopumps are 

equipped to evacuate the growth chamber. They are used alternately so that one pump 

can be regenerated while the other pump is being used. Pure AsH3 and PH3 sources, as 

well as scrubbers, are housed in two separate gas cabinets. The hydride gas sources for 

As2 and P2 are introduced into the growth chamber through a single Varian four-channel 

hydride injector, which is operated nominally at 1000 °C. A second home-made hydride 

cracker is also incorporated into the system to provide more flexibility for the gas 

switching when mixed- or alternating-group-V compounds are grown. In addition, the 

growth chamber is accommodated with two indium sources, one gallium, one aluminum, 

one silicon, and one beryllium source. The chamber is also equipped with a nude ion 

gauge for flux calibration and a Dycor quadrupole mass spectrometer for residual mass 

determination and leak detection. The temperature of the elemental sources is set such 

that a typical growth rate is approximately lum/hr. The hydride flow rates are 2 to 4 

seem, and the working pressure in the growth chamber is typically lxlO"5 torr. Figure 

2.1 shows a schematic drawing of our GSMBE system with the gas manifold. GaAs^P* 

and InASjP^ were grown at 580 X and 460 °C, respectively. The substrate temperature 

was calibrated by a pyrometer and the melting point of InSb. 
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FIG. 2.1 Schematic diagram of the GSMBE setup. 

2.3 Group-V-induced RHEED oscillations 

For electrons with energies of 5-50 keV the wavelength is of the order of 0.1 Ä. 

When a narrow beam of such electrons impinges on a single crystalline surface at a 

glancing angle, it is diffracted by the crystal lattice within a few atomic layers of the 

surface. The diffraction pattern thus observed is characteristic of the arrangement of 
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atoms on and within a small distance of the surface. Two particularly interesting and 

useful manifestations of RHEED are surface structural transitions observed as a function 

of the group-V coverage of the surface,[14] and intensity oscillations during growth.[ll] 

In 1983, Neave et a/.[ll] reported that the intensity of the RHEED specular beam 

oscillated when the supply of Ga flux was resumed after an interruption of GaAs growth. 

The detailed mechanism that leads to the oscillations is not well understood, but it is 

clear that each oscillation corresponds to one monolayer of growth of GaAs. A 

qualitative picture, frequently cited, is shown in Fig. 2.2, in which the growth proceeds 

by coalescence of molecular-layer islands. It is intuitive that the diffraction intensity is 

small when the island population is about 50% of a monolayer coverage, whereas a 

strong diffraction occurs when the entire layer is formed. The layer-by-layer growth will 

therefore result in intensity oscillations. This RHEED oscillation technique provides a 

simple, yet accurate in situ approach to determining the growth rate and therefore the 

composition for ternary compounds (such as AlGaAs) from the difference of the GaAs 

and AlGaAs growth rates. In our MBE system, the intensity of the RHEED specular 

beam is detected by an optical-fiber-coupled photodiode, and the signal is recorded by a 

computer after it is enhanced with a dual-channel differential amplifier. [21] We use this 

technique routinely to calibrate the incorporation rate of group-Ill elements. 

Now we will go into the details of group-V-induced RHEED oscillations. A 

metallic (group-III-rich) surface is intentionally formed by stopping the hydride injection 

and keeping only the shutter for the group-Ill element open. Thus, metal atoms 

accumulate on the surface of the substrate. When the shutter for the group-V element is 

opened, the excess metal atoms on the surface will react with the group-V element, 

causing layer-by-layer two-dimensional growth, and the RHEED intensity 

oscillates.[12,22] 
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FIG. 2.2  Schematic diagrams of the cause of RHEED oscillations. 
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FIG 2 3 RHEED oscillations induced by In (r7<r<r2) and As (t3<t<t4). Note that the 
As-induced oscillations occurred on an In-rich surface caused by depositing 
excess In during t2<t<t3. The incorporation rates of indium and arsenic can 
be determined, respectively, from the first and second part of the oscillations. 

Fig. 2.3 shows a typical trace of the group-Ill- (tj<t<t2) and group-V-induced 

(t3<t<t4) RHEED oscillations during InAs homoepitaxial growth.[11,12] A thick (-3 

Urn) and totally strain-relaxed InAs layer was grown on InP so that a high-quality surface 

was achieved for RHEED oscillation measurements. During tj<t<t2, the growth rate is 

limited by the arrival rate of the In flux as normally applied.[ll] However, the growth 

rate is limited by the As arrival rate during t3<t<t4 since excess In atoms were deposited 

on the InAs surface during t2<t<t3.[l2] Therefore, the incorporation rates of In and As, 

Rln and RAs, at a given growth temperature can be determined from these oscillations, 

respectively. 
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FIG. 2.4  (a) The indium (InAs) growth rate as a function of the furnace temperature. 
The Arrhenius plot indicates the thermal effusion behavior of the furnace. The 
substrate temperature (-460 °C) and the AsH3 flow rate (3 seem) are kept 
constant; (b) the As incorporation rate is shown as a function of the AsH3 flow 
rate calibrated at the substrate temperature of 460 °C for InAs grown on a thick 
InAs layer. The linear dependence implies that the In supply is infinite to the 
injected As on the surface during RHEED oscillations. 
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Figs. 2.4 (a) and (b) show calibration curves of incorporation rates for In and As 

from the group-Ill and group-V-induced RHEED oscillations, respectively. An Arrhenius 

dependence of the indium incorporation (or growth) rate on the furnace temperature is 

obtained. On the other hand, Figure 2.4 (b) shows that the As incorporation rate, 

calibrated at a substrate temperature of 460 X, is proportional to the AsH3 flow rate. 

This linear dependence runs through the whole range of the AsH3 flow rate, as high as 4 

seem, implying that the amount of metal deposited on the surface is an infinite supply 

source to the injected As during RHEED oscillations. This As incorporation rate also has 

an Arrhenius dependence on the substrate temperature. [22] 

Now, we will discuss the surface state in the metal-rich condition. Up to what 

extent of the excess metal population can the surface resume layer-by-layer growth? Isu 

et fl/.[23] studied the micro-morphology of a group-III-rich surface by incorporating a 

scanning electron microscopy (SEM) into an MBE growth chamber. Their experimental 

results obtained by directly monitoring the surface morphology on an atomic scale 

showed that the excess metal atoms form droplets on the surface rather than a uniform 

layer. The higher the substrate temperature is, the smaller yet denser the droplets form. 

When the group-V flux is injected, the size and the density of the droplets decrease. In 

the area between droplets is a metal-rich surface reconstruction. A stable surface state is a 

dynamic equilibrium of the diffusions between droplets and group-III-rich area. When 

the group-V flux impinges, excess group-in atoms on the surface are consumed. As a 

result, group-Ill atoms diffuse away from the droplets constantly to maintain the 

equilibrium. After all excess group-Ill atoms are incorporated into the lattice, the 

RHEED intensity recovers to the level of group-V-rich surface at t > t4 in Fig. 2.3. 

However, the surface is not recoverable if too many group-III atoms are deposited such 

that the droplet density is too high. From our experience, an amount of In or Ga 

deposited on a substrate surface is usually less than that which can cause 10 oscillations. 
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2.4 As incorporation behavior in GaAsi.xPj. 

2.4.1 In situ technique of determining the P composition 

We initiated our incorporation study of mixed-group-V compounds with 

GaAsj.jPj because theoretical and experimental studies of As incorporation for this 

material have been substantially examined previously, and the data are readily available 

for comparison.[8-10,16] Considerable attention has been focused on the preparation, 

characterization and application of this material system since pseudomorphic 

GaAsP/GaAs heterostructures were first grown by MOCVD.[24] In addition, GaAsj^Pj, 

a ternary member of the quaternary InGaAsP, is the simplest mixed-group-V compound 

for understanding the incorporation behavior of group-V elements. The growth study on 

GaAsP will aid the growth control for the InGaAsP quaternary compound. [25] Although 

the incorporation behavior of As and P in GaAsP has been extensively investigated in 

MOCVD [7-9,26,27] and even in solid-source MBE,[10,16] only a limited amount of 

work has been done on the growth study of GaAsP by GSMBE. A comprehensive 

understanding of the incorporation behavior of As and P into GaAsP, however, would be 

very useful for composition control. We will report an in situ method to calibrate the 

phosphorus composition in GaAsP by measuring the group-V-induced RHEED intensity 

oscillations. We will also discuss a study of the incorporation behavior of phosphorus as 

a function of the substrates temperature and different strain states.[28,29] 

Figures. 2.5(a) and (b) illustrate typical group-V-limited RHEED oscillations for 

GaAs and GaAs^Pj growth on a GaAs substrate, respectively. The AsH3 flow rate was 

fixed at 1.6 seem in both cases, whereas PH3 was also introduced with a flow rate of 2.4 

seem for the oscillations shown in Fig. 2.5(b). The (As+P)-limited growth rate was found 

to be higher than the As-limited growth rate. Such measurements were performed at a 

fixed AsH3 flow rate (1.6 seem) and various PH3 flow rates ranging from 0 to 4.0 seem. 
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FIG. 2.5  Typical group-V-limited RHEED intensity oscillations on a Ga-rich GaAs 
surface. The oscillation is induced by (a) As, and (b) As+P. 

Generally speaking, the As incorporation rate into GaAs^P* might change upon 

the injection of P due to the displacement of As by P. Foxon et al. [16] reported a slight 

decrease of As4 sticking coefficient when P4 was injected during GaAs^, MBE 

growth under a limited Ga supply (8x10» atoms cnr2 S"1), where As4 is 50 times more 

effective at displacing P4 than vice versa. In our case, excess Ga atoms are deposited on 

the surface before the group-V-limited RHEED oscillation measurements; hence the 
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displacement of As by P may be negligible. It is then reasonable to assume that the 

increase in the growth rate shown in Fig. 2.5(b) is uniquely due to the addition of P. 

Therefore, the difference in the group-V growth rates gives the net incorporation rate of 

phosphorus from which the phosphorus composition, x, can be deduced. 
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FIG. 2.6  Phosphorus composition in GaAsi-jP* as a function of the PH3 flow-rate 
fraction. The data shown by open circles are determined from RHEED 
oscillations; the full circles represent the x-ray simulation data. 



26 

The RHEED-determined phosphorus composition in GaAs^P* is plotted in Fig. 

2.6 (indicated by open circles) versus the PH3 flow-rate fraction (PH3 flow rate over the 

total hydride flow rate). Typical errors in determining x from the RHEED oscillations are 

indicated with error bars for 0.3 < x < 0.6. This uncertainty is significant when the 

phosphorus composition is greater than 0.3 since the relatively large surface strain 

reduces the number of oscillations, which causes errors in reading the time scale. As 

shown in Fig. 2.6, the composition of phosphorus incorporated in the solid is different 

from the PH3 flow-rate fraction in the gas phase. This is attributed to different sticking 

coefficients and arrival rates (a factor of square root of the As2 to P2 molecule mass 

ratio) of arsenic and phosphorus. [16,18] 

The in situ determined composition was examined by x-ray rocking curve 

measurements of strained-layer superlattice (SLS) structures. Five samples, typically 

consisting of 15-period GaAs(95 AVGaAs^P, (95 A) superlattices, were grown with the 

same fixed AsH3 flow rate (1.6 seem) and substrate temperature (580 °C) as RHEED 

measurements and PH3 flow rates ranging from 0.8 to 2.8 seem. The thickness of the 

GaAs^P* layer is less than the critical layer thickness so that pseudomorphic GaAs^P* 

growth is expected. In such a case, by assuming Vegard's law the structural parameters 

can be determined accurately from the x-ray diffraction simulation based on a dynamical 

theory (this is discussed in greater detail in Chapter 3). X-ray results for these five 

samples are shown in Fig. 2.6 with closed circles. It is remarkable that the RHEED 

oscillation data and x-ray diffraction data are in very good agreement for x < 0.3. 

However, a significant deviation in composition exists for the sample with the highest 

phosphorus composition. 

In order to understand the viability of this in situ determination of the phosphorus 

composition, several more 15-period GaAs(95 A)/GaASl.xPx (95 Ä) SLS samples were 

grown with the same phosphine flow fraction, but different V/III incorporation ratios. 
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Here, the incorporation ratio refers to the ratio of the group-V and group-Ill 

incorporation rates determined by group-V- and group-III-limited RHEED oscillations, 

respectively.[12,22] As shown in Fig. 2.7, solid circles and triangles represent 

phosphorus compositions versus the V/III incorporation ratio when the phosphine flow- 

rate fractions are fixed at 0.50 (by triangles) and 0.56 (by circles), respectively. The open 

marks indicate the in situ determined composition from RHEED oscillations at the same 

flow-rate fraction and substrate temperature as those prepared for above SLS samples. 

12        3        4        5 
V/III Incorporation Ratio 

FIG. 2.7 The phosphorus composition as a function of the V/III incorporation ratio. 
The solid marks represent the ex situ determined data; the open marks 
indicate the in situ determinations at the same corresponding phosphine flow 

fractions. 
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As seen in Fig. 2.7, the phosphorus composition is almost independent of the 

V/III incorporation ratio in the current ratio range as long as the phosphine flow-rate 

fractions are the same. In other words, the phosphorus compositions are the same when 

the samples are grown with V/III incorporation ratio greater or close to unity. On the 

other hand, when the V/III ratio is unity, the phosphorus composition determined by the 

group-V-limited RHEED oscillation is naturally the same as that determined from the 

group-IIMimited oscillation. Therefore, the in situ derived composition (V/TIK1) agrees 

with the x-ray ex situ determination (V/III>1). 

The dynamic growth model[8] of Seki and Koukitu proposes that the phosphorus 

composition depends on the V/III beam-flux ratio for MOCVD growth of GaAs^P,. It 

is important to note that the V/III incorporation ratio is different from the beam-flux 

ratio, since the incorporation rate is a function of the beam flux and the sticking 

coefficient, which is different for arsenic and phosphorus. Therefore, the incorporation 

ratio is more relevant to growth studies. Our data also show that the phosphorus 

composition depends on the substrate temperature. However, the in situ method is still 

valid provided that the in situ calibration and real growth are carried out at the same 

substrate temperature. 

2.4.2 Dependence on the substrate temperature 

We studied the P incorporation in GaAs^P* as a function of the phosphine flow 

rate and the flow-rate fraction. Another related issue is the growth-temperature 

dependence of the As and P incorporation in GaAs^P,. This is important not only as 

shown above, but also for implementation of the in situ technique to composition control 

of the quaternary InGaAsP layer, which is usually grown under different substrate 

temperature (Ts) and strain states. A series of 15-period GaAs(95 Ä)/GaAsP(95 Ä) SLS 

samples were grown. The phosphorus compositions were determined from the x-ray 
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rocking curve measurements and computer simulations. Fig. 2.8 shows the substrate- 

temperature dependence of the P composition obtained for a series of SLS samples 

grown with the same AsH3 and PH3 flow rates (therefore the same PH3 flow-rate 

fraction). A change of the P composition occurs in the temperature region between 520 

and 620 °C, whereas the P composition is independent of the substrate temperature when 

7J>620,,Cor<520,,C. 

400 500 600 700 

Substrate Temperature (°C) 

FIG 2.8 The phosphorus composition in GaAsP grown with the same hydride flow 
rates as a function of the substrate temperature. The curve through the data 
points is drawn to guide the eye. 
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Chow et al [30] and Chin et al. [22] reported the incorporation rates of As and P 

in GaAs and GaP, respectively, versus the substrate temperature. These incorporation 

rates were measured by the group-V-induced RHEED oscillations for GaAs (GaP) 

growth on a GaAs (GaP) substrate under different Tr The incorporation of As and P was 

found to decrease starting at around 540 and 650 X, respectively, due to increasing 

desorption. The activation energies related to As and P desorption were deduced to be 

about 0.9 eV for both GaAs and GaP.[22,30] The two corners of the P composition in 

GaAsP shown in Fig. 2.8 then coincide with the temperatures at which As and P begin to 

desorb. Therefore, it is easy to understand that the ratio of As to P incorporation into 

GaAsP is the same for Ts < 520 X, where no significant desorption occurs, and for Ts > 

620 X, where As and P desorb at about the same rate (since they have similar activation 

energy). In the temperature region of 500 °C<TS< 620 X, the As desorption results in 

an increase of the P composition in GaAsP. 

Recently, Nomura et a/. [10] reported a very similar result for GaAsP grown by 

conventional MBE. The significant composition change was found between 450 and 

520X owing to the different dissociation temperatures for As and P.[10] In MOCVD 

growth of GaAsP, however, the P composition was found to be strongly dependent on 

the substrate temperature over a wider temperature range (650-850 X).[27] This 

different behavior from the GSMBE growth is probably due to the fact that, in MOCVD, 

the arsine and phosphine are cracked on the substrate surface with different cracking 

efficiency at a given substrate temperature. From the point of view of composition 

control in GSMBE, it is better to grow GaAsP at either Ts > 620 X or < 520 X because 

small fluctuations in Ts may result in a significant change of x when 520 X< Ts <620 X. 
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2.4.3 Dependence on the growth under different strain states 

It has been reported that the As composition in InAsP depends on the strain in 

MOCVD growth at the substrate temperature of 600 X.[29] A detailed study was also 

reported on the In incorporation coefficient in strained and unstrained InAlAs layers 

grown by MBE at various substrate temperatures.[31] An observable difference was 

found when Ts > 570 *C. From thermodynamic considerations, the difference is due to 

the increase of the strain-related energy in the growing layer[31]. To understand whether 

the P incorporation depends on the strain state in the growing layer under normal growth 

conditions, GaAsP(40 Ä)/GaAs(40 Ä) and GaAsP(40 A)/GaP(40 A) SLSs were grown 

on GaAs and GaP substrates, respectively. The same hydride flow rates and substrate 

temperature were used, but the GaAsP layer would experience a biaxial tensile strain in 

the former and a biaxial compressive strain in the latter if an elastic tetragonal distortion 

is assumed for deformations. Figures 2.9(a) and (b) show respective x-ray rocking curves 

taken from these two samples. The compositions, given in the figure, were based on 

computer simulations to x-ray rocking curves. The proposed increase[31] of the strain- 

related energy in the growing GaAsP layer comes from the additional incorporation of P 

and As into GaAs and GaP, respectively. The strain would be expected to be a barrier for 

additional incorporation of elements that would increase the strain. Therefore, the P 

composition in GaAsP should be smaller when it is grown on GaAs than when grown on 

GaP. However, the P compositions determined by x-ray rocking curves for these two 

SLSs are 0.49 and 0.485, respectively. The other pair at x = 0.43 gives almost the same 

composition results within the uncertainty of the composition determination by x-ray 

rocking curve measurements. Hence, no observable difference of the incorporation of 

group-V is detected for the different strain states under normal growth conditions. In 

other words, the composition calibration for GaAsP on GaAs may also be applicable to 

GaAsP grown on GaP. We have found that the respective in situ composition calibrations 
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for GaAsP and InAsP grown on GaAs and InP substrates provide a very good guideline 

for the composition control in InGaAsP quaternary compounds grown on InP substrates. 

This will be discussed in Section 2.6. [25] 
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Fir 2 9 X-rav rockin* curves taken from GaAsP-containing multilayered 
heterostructures. (a) 15-period GaAs(40 A)/GaAs^40 A) SLS grown on 
GaAs; (b) 15-period GaP(40 k)/G&Ashx?xW A) SLS grown on GaP 
substrates. The computer simulation results show that the phosphorus 
incorporation does not depend on different strain states. 
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2.5 In situ calibration of As composition in InAs^.* 

We discussed the in situ calibration of the phosphorus composition in GaAsP by 

measuring the difference in the incorporation rate of (As+P) and As with group-V- 

induced RHEED oscillations. [32] Because of the metal-rich condition on the surface, this 

difference was inferred to be due to the addition of P. The P compositions determined 

from RHEED oscillations agreed with ex situ measurements for the samples grown under 

the same PH3 flow-rate fractions (PH3 flow rate over the total hydride flow rate) and at 

the same substrate temperature. However, the As and P incorporation behavior is 

somewhat different for InAsP and GaAsP growth. In this section, we will discuss another 

application of the group-V-induced RHEED oscillations to the composition 

determination. 

When both As and P were injected onto the substrate surface at t3 shown in Fig. 

2.3, we see a higher growth rate, due to the addition of P, than when only As was 

introduced. In Fig. 2.10 the growth rates limited by (As+P) are plotted against PH3 flow 

rates at several fixed AsH3 flow rates (0, 0.5, 0.75 and 1 seem). The lines through the 

data points are drawn to guide the eye. It appears that the incorporation rate of (As+P) 

has qualitatively the same linear dependence on the PH3 flow rate as the incorporation 

rate of only P itself (calibrated for InP grown on InP). The only difference is a constant 

offset corresponding to the additional incorporation of As. (The jump in the 

incorporation rate for the results grown with 0.5 seem AsH3 may be due to the change of 

the RHEED pattern for a highly strained InAsP surface). We can, therefore, conclude 

that the As incorporation into InAs^P^ is independent of the presence of P under the In- 

rich growth condition. This behavior agrees with the prediction of Seki and Koukiku.[8] 

Now we can assume that the As incorporation into InAs^P^ is dominant in our normal 

growth conditions (group-V rich but RJ^/R^KI) 
with substrate temperature at around 

460 °C and a small PH3 flow rate, which is sufficient to provide a higher total group-V 
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flux than In. In other words, phosphorus reacts with In only when there is not enough As 

to react with all of the In. This situation makes controlling the As composition in 

InAs^L, very simple. Once we calibrate the As and In incorporation rates at a desired 

growth temperature by As- and In-induced RHEED oscillations, respectively, as shown 

in Figs. 2.4(a) and (b), the ratio of the As to In incorporation rates (when < 1) is basically 

the As composition in InAs^Pi.^. 

1 2 
PH3 Flow Rate (seem) 

FIG 2.10 The incorporation rate of (As+P), determined by group-V-induced RHEED 
oscillations during InAsP growth, as a function of the PH3 flow rate at several 
fixed AsH3 flow rates (0,0.5,0.75,1 seem). The lines through the data points 
are drawn to guide the eye. 
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FIG. 2.11 The As composition in InAs^P^ determined from x-ray rocking curve 
measurements versus the incorporation ratio of As to In obtained from 
RHEED oscillations. 

Based on this idea of in situ control of the As composition in InAsP, a series of 

InAsP/InP SLS structures were grown at 2 seem PH3 flow rates and different RAs/RIn 

ratios. High-resolution (400) x-ray rocking curves and computer simulations yielded a 

precise determination of the As composition in InAs^P^. Shown in Fig. 2.11 is the ex 
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situ determined As composition versus the RJRln ratio. An excellent agreement can be 

seen when x < 0.5. This implies that our assumption of As being dominantly incorporated 

in InAsP under normal growth conditions is valid, and that this in situ method to 

determine the composition is viable. The discrepancy for x > 0.5 is presently not well 

understood. A possible reason for this is that the large surface strain may affect the 

incorporation behavior of As and P. Chang et at [33] reported a similar result of 

composition control in MBE grown GaAsSb. They found that the control of the Sb 

composition can best be achieved by maintaining the ratio of Sb/Ga below unity. They 

attributed this behavior to the higher sublimation energy (longer surface lifetime), and 

lower atomization energy (more reactions with Ga surface atoms) of Sb4 than of As4. 

The SLS samples used for ex situ composition determination by x-ray rocking 

curves and simulations shown in Fig. 2.11 were all grown at a PH3 flow rate of 2 seem 

(except 1.5 seem for the sample with x-0.1). However, when the PH3 flow rate is much 

higher than the AsH3 flow rate, the As flux concentration may be greatly diluted on the 

substrate surface.[34] As a result, the As composition in InAsP would be dependent on 

the PH3 flow rate. Therefore, a series of InAsP/InP SLS samples were grown with a 

fixed AsH3 flow rate (0.25 and 0.5 seem, respectively) and various PH3 flow rates 

ranging from 1.25 to 4 seem. Shown in Fig. 2.12 is the normalized As composition 

determined from x-ray rocking curves to the As/In incorporation-rate ratio as a function 

of the PH3/AsH3 flow-rate ratio. The full and open circles represent the respective cases 

with AsH3 flow rate of 0.25 and 0.4 seem. The As composition decreases when the PH3 

flow rate is about 5 times as much as the AsH3 flow rate. The corresponding surface 

concentration ratio is even enhanced by a factor of Jm^ lmPi, where mAs2 and m?2 are 

the molecular mass of As2 and P2, respectively. In this case, the ex situ determined As 

composition is no longer consistent with the in situ calibration. Therefore, to keep this in 

situ method valid it is important to use as small V/III incorporation ratio as possible. 
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Although the As composition in InAsP is dependent on the substrate temperature, the in 

situ calibrated composition should be correct as long as the calibration (RHEED 

oscillations) and real growth are performed at the same substrate temperature within a 

reasonable range. 
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FIG. 2.12 The normalized As composition in InAs^Pj^ (ex situ/in situ) as a function of 
the flow-rate ratio of PH3 to AsH3 at fixed AsH3 flow rates, 0.25 seem (full 
circles) and 0.4 seem (open circles). 
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To use this in situ technique, RHEED calibrations are not necessary for every run 

provided that the substrate temperature and gas flow rates are relatively stable over a 

period of time. It is important to note that with this RHEED calibration of the 

composition in InAs^., we have established a composition determination scheme 

which provides a linear dependence of the As composition in InAs^P^. Furthermore, we 

see that the As incorporation rate is also proportional to the AsH3 flow rate from Fig. 

2.4(b). These results imply the possibility for simplification of the ex situ composition 

calibration procedure of InAsP. Once the As composition from a calibration sample is 

known in InAs^P^, then a linear interpolation or extrapolation of the AsH3 flow rate 

can provide an accurate prediction of the desired As composition. This procedure has 

actually been often used in the InAsP growth of this work. 

2.6 In situ composition calibration in In1.xGaJCAsyPi.J, 

In this section, we will present an in situ procedure for controlling the 

composition in In^Ga^As/^ by considering As and P incorporation behavior in 

GaAs^Pj and InAs^, as studied by group-V-induced RHEED oscillations.[32,35] 

We succeeded in growing In^a.^i./foP MQWs with desired structural 

parameters. Characterizations by x-ray rocking curve, absorption, and low-temperature 

photoluminescence (PL) measurements suggest that high-quality samples were obtained. 

We have elucidated the in situ procedures used for composition determination of 

GaAsP and InAsP. It should be noted that the in situ composition determination for these 

ternary compounds requires that the incorporation rate of As not be changed by adding P. 

Therefore, the compositions of GaAsP and InAsP are calculated with respect to the As- 

limited growth rates of GaAs and InAs, respectively. A direct in situ composition 

calibration for InGaAsP would be difficult because no one simple binary compound can 

be chosen as a reference. We can, however, control the composition in InGaAsP by 
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combining the knowledge of the in situ determination for GaAsP and InAsP. The growth 

rates of Ga and In are calibrated first by measuring group-III-induced RHEED 

oscillations on GaAs and InP substrates, respectively.    The Ga composition in 

IniÄASyPi-y is then obtained as normally done for IILJII^V compounds. It is 

reasonable to assume that the distribution of As flux to In and Ga is (1-*)^ and xFM, 

respectively, where F^ denotes the As beam flux. Since the As composition in 

In^Ga^As^ derives from As incorporation with both In and Ga, it can be estimated 

individually for InAsP and GaAsP as discussed above. Arsenic incorporates with In at 

almost 100% efficiency, but incorporates with Ga with an efficiency p, which depends on 

the presence of P, as shown in Fig. 2.6. Once p is determined for a given substrate 

temperature and PH3 flow rate, the As composition in In^Ga^As/^ can be found 

from (l-^RAs/Rm+^RAs/RGa- Here R denotes the incorporation rate. We grew a series 

of InGaAsP/InP MQW structures with growth rates of 0.67 ML/s for In and 0.28 ML/s 

for Ga as measured on InP and GaAs substrates, respectively. The PH3 flow rate was 

fixed at 2 seem, but the AH3 flow rate varied from 0.8 seem to 1.2 seem. Combining x- 

ray rocking curve, PL and absorption measurements with simulations and calculations, 

we found the As composition to be very close to what is expected. 

To examine the lattice-match condition, we grew a series of MQW samples for x- 

ray rocking curve measurement. A typical structure consisted of 20-period 

In07Gao.3Aso.65Po.35(100 A)/InP(150 Ä) undoped MQWs grown on an Fe-doped semi- 

insulating (100) InP substrate and capped with a 300 Ä InP layer. Mirror-like surface 

morphology was obtained. High-resolution x-ray rocking curve was recorded for the 

symmetric (004) diffraction from a monochromatic line of Cu Kax through four Ge 

crystals. The full width at half maximum (FWHM) for a 2 um thick 

Ino.7Gao.3As0.65Po.35 was as narrow as 30 arc seconds, indicating good crystalline 

quality. In Fig. 2.13, very sharp and distinct satellite peaks are observed, suggesting good 
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periodicity of the multi-layered structure. The zeroth order peak from these MQWs is 

only 38 arc seconds away from that of the InP substrate, corresponding to a lattice 

mismatch of 0.1%. This indicates that a lattice match condition is obtained. Thus, the in 

situ composition determination procedures described here provide a general guideline for 

composition control in InGaAsP quaternary compounds. 

-4000 ■2000      0 
Angle (arcsec) 

2000 4000 

FIG 2 13. An x-ray rocking curve of (004) diffraction from a 20-period 
In0 7Gao 3Aso 65P0 35(101.5 A)/ InP(152 A) MQW structure. Some satellite 
peaks are missing because of the intermixing at InGaAsP/InP interfaces. 
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2.7 Conclusion 

A simple in situ approach to determining the phosphorus composition in GaAsj. 

x?x grown by GSMBE has been presented. The different incorporation rates of As and 

As+P, hence, the composition in the alloy layer, were deduced by observing the RHEED 

intensity oscillations of the group-V-limited growth on a Ga-rich surface (V/III<1). The 

results agree favorably with the x-ray examination of as-grown (V/III>1) superlattice 

samples. This calibration technique is viable provided that the same substrate temperature 

and phosphine flow-rate fraction are used for RHEED oscillation calibration and real 

growth. The incorporation behavior of phosphorus in GaAsP was, furthermore, studied 

as a function of the substrate temperature and under different strain states. An increase of 

the phosphorus composition at the substrate temperature region between 520 and 620 °C 

was observed. This increase is attributable to different desorption temperatures of As and 

P. Moreover, the phosphorus incorporation into GaAsP was found to be the same when 

grown at normal temperature, even when different strains were involved. 

However, the As incorporation behavior is somewhat different in InAsP growth. 

An in situ control of the As composition in InAs^Pi^ was achieved in GSMBE growth 

by controlling the ratio (when less than unity) of the incorporation rates of As to In as 

determined from As- and In-induced RHEED oscillations, respectively. The composition 

determination for as-grown InAsP/InP strained-layer superlattice structures by x-ray 

rocking curve measurements verified the viability of this in situ method when the PH3 

flow rate was not too large. The As composition in InAs^P^ is proportional to the AsH3 

flow rate. This implies that ex situ As composition calibrations can be simplified by 

using interpolation or extrapolation of the AsH3 flow rate for a known As composition 

from a calibration sample. 

The difference of the composition determination procedures for GaAs^Pj and 

InASjPi.j is that when compared to phosphorus,  arsenic is more  dominant in 
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incorporating with In than with Ga. Therefore, the As incorporation in the InAs^P^ can 

be considered to be a special situation of GaAs^Pj with the factor p, as defined above, 

close to unity. Combining the in situ techniques of composition control for GaAsj.jPj 

and InASjPi.j, the two ternary end members of the quaternary, we have succeeded in 

controlling the compositions for quaternary compounds Inj.^Ga^ASyPj.y. This in situ 

technique is extremely useful when different compositions have to be grown in a given 

structure. The reduction in the number of calibrations needed to determine compositions 

will result in a great deal of savings of time and resources. 

It has been reported[33] that the sticking coefficient is smaller for the group-V 

element with a smaller atomic number, as a result of the smaller atomization energy — 

the sequence being P, As and Sb, from small to large. A dominant incorporation of one 

element is always expected for mixed-group-V compounds, including IIIASjSb^.tSS] 

IIIAs^P!^, IUPjcSb!^ and even IHP^Sb^. Therefore, we would suggest that this in 

situ technique for composition control of mixed-group-V compounds can be extended 

beyond the mAsxVlmX and IHAs^b^ systems. A further study for the incorporation 

behavior of other mixed-group-V compounds will be very interesting. 
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Chapter III 

Growth and Structural Characterizations of 

InAsP/InP Strained Multiple Quantum Well Structures 

Grown on InP (100) and (lll)B Substrates 

3.1 Introduction 

It was shown in Chapter 1 that the fundamental bandgap of InAs^P^ can be 

tuned over a wide range of emission wavelengths, covering 1.06, 1.3 and 1.55 \im which 

are useful for optoelectronic devices intended for use in both optical information 

processing and fiberoptic communication. Among various optoelectronic devices, we 

concentrate on optical modulators using InAsP/InP multiple quantum wells (MQWs). As 

shown in Fig. 1.2, the emissions at 1.06, 1.3 and 1.55 \im from 100-Ä InAs^P^ 

quantum wells can be obtained for As composition at =0.2, 0.4 and 0.6, respectively. In 

Chapter 2, we have presented an in situ technique for controlling the arsenic composition 

in InASjP^ based on the fact that the arsenic incorporation is dominant over phosphorus 

in the growth of InAsP. The remaining two of the growth issues are how to control the 

As composition in InAs^P^ over a wide range, and how to obtain a high-quality 

material from this strained heterostructure. The layer thickness of the strained quantum 

well has to be constrained within a critical value to ensure pseudomorphic growth.[l] 

Heterostructures grown on (lll)B substrates possess novel properties, but the 

epitaxial growth was reported to be more difficult. Facet growth along (100) direction 

dominates and pyramid surface defects are often observed. [2] An effective approach to 

suppress the surface defect density is to introduce a small misorientation for the (lll)B 

substrate and to control the growth in a step-flow mode. [3] 

45 
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The interpretation of optical experiments relies quite heavily on the structural 

information for the sample under investigation. Two techniques, cross-sectional 

transmission electron microscopy (XTEM) and high-resolution x-ray diffraction, were 

found particularly useful in studying quantum wells and superlattices. The XTEM reveals 

the well and barrier thicknesses and provides some measures of the structural perfection. 

Cross-sectional images taken with the (002) reflection yield detailed information on the 

strain distribution in the sample. The contrast of wells and barriers allows an evaluation 

of the interface abruptness. High-resolution x-ray diffraction provides very detailed 

structural information averaged over a sample area of several square millimeters. The x- 

ray rocking curve can be simulated with a computer, based on the dynamical theory, to a 

remarkable precision and sensitivity. These measurements indicate that controlling the 

superlattice period and interfacial abruptness to about one monolayer can be achieved in 

samples grown by gas-source molecular beam epitaxy (GSMBE). 

This chapter discusses the growth techniques and structural characterization of 

InASjPi.^/InP heterostructures. The structural parameters obtained are essential to the 

discussion of optical properties in the following chapters. InAs^Pj.^ has been grown with 

an arsenic composition ranging from 0.10 to 0.70 by three different techniques for 

composition control. Highly strained samples are characterized by x-ray rocking curve 

and XTEM measurements. Low-temperature photoluminescence (PL) and Hall 

measurements will also be presented. This chapter is organized as follows. In Section 

3.2, we present a calculation of the critical layer thickness (CLT) and also experimental 

determination of CLT by low-temperature PL and XTEM measurements. In Section 3.3, 

we present several techniques for effective composition control of the As composition in 

InASjPj.j. In Section 3.4 an optimization procedure of the surface morphology with 

respect to the substrate misorientation, V/III ratio, and growth temperature is presented 
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for the epitaxial growth on InP (lll)B substrates. Section 3.5 is devoted to a 

comprehensive discussion of computer simulations of x-ray rocking curves. 

3.2 Strain limitation and critical layer thickness 

3.2.1 Model calculations of the critical layer thickness 

In the early stage of developing heterostructure lasers, it was found that when a 

high current was injected, the performance of lasers degraded due to dark-line defects. 

These were quickly realized to be from strain relaxation. [4] In 1974, Matthews and 

Blakeslee[2] demonstrated that a pseudomorphic growth can be achieved for lattice- 

mismatched materials by limiting the strained layer thickness to a certain value, called 

CLT. They developed a model based on a mechanical equilibrium principle by assuming 

that the absence of mechanical equilibrium for grown-in threading dislocations results in 

the onset of the generation of interfacial misfit dislocations. The resultant CLT (hc) for a 

single epitaxial layer is given by: 

b   (l-vcos2ö)      h 
A = — ^-(hA+1), (3.1) 
'    %nf (1+ v)cosA v    b     ' 

where/is the lattice mismatch; b is the magnitude of Burger's vector (a/V2); v is the 

Poission's ratio [C;/(C;;+C;2)]; CJJ and Cj2 are elastic stiffness constants; 6 is the angle 

between the dislocation line and its Burger's vector; and A. is the angle between the slip 

direction and the direction in the film plane that is perpendicular to the line of 

intersection of the slip plane and the interface. 

Recently, People and Bean[5] proposed an energy equilibrium model, in which 

the generation of misfit dislocations is assumed to be solely determined by energy 

imbalance. Their result is very different from Eq. 3.1, the CLT being almost an order-of- 

magnitude higher. More recently, Hu has reexamined[6] the energy equilibrium model in 
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a more rigorous manner. His result turned out to be identical to Matthew and Blakeslee's 

result. Hu further argued that misfit dislocations do not appear en masse catastrophically 

when the CLT is reached. Rather, their density increases gradually with the epitaxial 

thickness, approaching asymptotically a value required for a complete relief of the film 

stress as the thickness tends to infinity. Equation 3.1 is for a single epitaxial layer. The 

CLT for epitaxial multi-layers is four times as large as that for a single layer, due to the 

strain being shared in two adjacent interfaces of a conjunction pair of misfit dislocations 

at these interfaces. Figure 3.1 shows calculated CLTs. The dashed and solid curves are 

for single and multiple epitaxial layers, respectively. We see that the 100 A well width of 

InASjjPi.j layers with ;c=0.2, 0.4 and 0.6 for 1.06, 1.3, and 1.55 ^im emissions, 

respectively, are well below the critical limit. 

Another important aspect of the CLT is the upper limit of the number of periods 

MQW samples. The strained MQW structure, as a whole, has an average lattice constant, 

which is given by 

a        = aA+aA (3.2) 
ttsMQW d, + d2     ' 

where the subscripts 1 and 2 refer to the InAsP and InP layers, respectively; a is the 

lattice constant; and d is the layer thickness. This strained MQW structure is also lattice- 

mismatched to the InP substrate. Thus the total thickness of the quantum well, or the 

number of periods, must be constrained within a limit. 

For a typical modulator structure consisting of 100 Ä InAsP and 100 Ä InP, the 

critical number of periods was calculated as a function of the As composition in 

InASjP^. The results are illustrated in Fig. 3.2 as a function of the room-temperature 

photoluminescence emission wavelength, converted from the As composition for 100-Ä 

wide InASjJp!., quantum wells in Fig. 1.2. We see that, for instance, InAso 4P0.6(100 Ä)/ 
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InP(100 A) quantum wells for. 1.3 \im modulators can be grown with a maximum of 15 

period to ensure pseudomorphic layers. 
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FIG. 3.1  The critical layer thickness of InAs^..,., pseudomorphically grown on InP, 
as a function of the As composition. The solid and dashed curves are for 
multiple and single epitaxial layers, respectively. The open and full squares 
represent strained and relaxed quantum wells, respectively, examined by PL 
measurements. 
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FIG. 3.2    Number of periods for pseudomorphic growth of InAs^P^nP strained 
MQWs as a function of the room-temperature emission wavelength. The solid 
and dashed curves are for multiple and single epitaxial layers, respectively. 
The open and full squares represent InAsP MQW layers without and with 
dislocations, examined by TEM images. 

3.2.2 CUT determination by PL and TEM measurements 

Many experimental approaches have been reported to determine the CLT, e.g., 

optical[7] (PL spectrum and PL mapping), electrical[8] (Hall) and structural! 1,9] (plan- 
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view TEM, XTEM, and x-ray diffraction) measurements. However, the experimental 

data have been very scattered, resulting from their different sensitivities for detecting 

dislocations. In this work, a sample composed of five 95 A wide single quantum wells 

with different As compositions, grown on the same substrate, was used to examine the 

CLT. The emission energy from a strained quantum well should agree with the transition 

energy calculation considering the bandedge shift due to strain, while a relaxed quantum 

well would give a smaller emission energy and a broader peak.[7,10] By theoretically 

fitting the photon energy of the low-temperature PL emission from quantum wells with 

different depths, the strained and relaxed quantum wells can be identified. Open and full 

squares in Fig. 3.1 represent strained and relaxed InAsP layers, respectively, identified 

from the PL spectra. It appears that the CLT determined from PL measurements agrees 

with the calculation for multiple epilayers. Therefore, we took this calculated curve as a 

reference for epitaxial growth, and we should be able to obtain a pseudomorphic 100 Ä 

wide InASjPi.j quantum well with x as high as 0.78.[11] 

Another experimental determination of CLT is from the XTEM measurement. 

XTEM images were taken for the above strained MQW samples (HI06, Hill, and HI35), 

whose structural parameters are listed in Table 3.1. The XTEM micrographs for two of 

these three MQW samples are shown in Figs. 3.3(a) and (b). The image from Sample 

Hill shows very sharp, flat and dislocation-free InAsP/InP interfaces. In the picture for 

Sample HI06, however, some dislocation nets, due to strain relaxation, are present at the 

interface of the strained MQWs and the InP buffer layer. For Sample #35 (not shown) 

some dislocations and stacking faults appear in the quantum well layers. The number of 

periods and emission wavelength of these three samples are also plotted in Fig. 3.2. Full 

and open squares represent strained MQWs with and without dislocations respectively. 

The experimental results show that more periods, than the calculated value, can be 

pseudomorphically grown with a proper growth condition. 
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(a) 

(b) ■*-'■ 

FIG 3 3  XTEM images taken from (a) HI06 and (b) Hill. Note that in (a) the misfit 
dislocations lie in the buffer layer; in (b) interfaces are sharp, uniform and free 
from dislocations. 
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Table 3.1. Description of the sample structures. 

Sample      x      LInASyPl r(A)    LInP(A)     Period     Emission (^im) 

HI06      0.60 78 144 15 1.55 
Hill      0.50            76                162            16 1.40 
HI35      0.40 92 138 30 L30 

144 15 
162 16 
138 30 

3.3 Growth of InAsP/InP strained multiple quantum wells on InP (100) 

3.3.1 Typical growth conditions 

InAs^-Pi.yinP strained MQW structures were grown on (100) Fe-doped semi- 

insulating or S-doped n+ InP substrates in a modified Varian Modular GEN-II MBE 

machine. The growth was performed with elemental indium and thermally cracked 

hydrides, AsH3 and PH3, at a substrate temperature of 460 °C. The gas-source supplies 

(100% arsine and 100% phosphine) were introduced into the growth chamber through 

different channels of a single hydride injector or two separate gas injectors, which were 

operated nominally at 1000 °C. The growth chamber was evacuated with two 2200 l/s 

cryopumps. The typical working pressure was lxlO-5 Torr. The indium flux was set such 

that the growth rate was typically about 1 u.m/hr as calibrated by RHEED oscillation 

measurements discussed in the previous chapter. The growth rate, therefore, the thickness 

of InASjPj.j, is determined only by the indium beam flux, so the layer thickness of 

InASjPj.j can be controlled independently of the composition, which is related to only 

the AsH3 and PH3 flow-rate fraction. 

3.3.2 Growth interruption and interface asymmetry 

Initially, we used only one gas cracker for both AsH3 and PH3. Since we do not 

use run-vent mode for switching hydride sources (so as not to vent uncracked hydrides) 
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during the growth of mixed-group-V compounds, we have to consider carefully the 

shutter and valve operations when we use different channels of the same injector. Figure 

3.4 shows a typical shutter operation procedure. Growth interruptions were performed at 

each interface to purge out the residual gases and to stabilize beam fluxes. However, we 

have found that the interruption causes a substitution of the phosphorus by arsenic when 

we used both AsH3 and PH3 to preserve the InP surface. 

PH3 

AsH, 

In 

InP ! InAsP! InP InP 

15-40X 

i c i — : c  — 
PH3 i—i—i—r 

AsH3 j 1      I 1 
i        r        i        i 

In   '     ! 
t 5-1SX 

InAsP/lnP short-period superiattices 

FIG 3 4 The diagram of the shutter operation sequence for growing InAsP/lnP MQW 
structures. The lower part indicates the growth of InAs^P^ layer by short- 
period superiattices. 
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(a) 

(b) 

FIG. 3.5   XTEM images from two InAs^./InP MQW structures (a) for a sample 
grown with interruption; Asymmetry in the interfaces is evidenced by the 
darker contrast at the InAsP/InP interface, (b) for a sample grown without 
interruption (using two crackers); Sharp and symmetric interfaces are obtained. 
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Shown in Fig. 3.5(a) is a bright-field XTEM picture for an InAsP/InP MQW 

structure grown by this interruption technique. It can be seen clearly from Fig. 3.5(a) that 

the upper interface (from InP to InAsP) is somewhat darker than the lower interface 

(from InAsP to InP). This was attributed to excess As incorporation or substitution on the 

InP surface. Therefore, we modified the initial configuration of the MBE machine by 

installing another home-made gas cracker in the growth chamber to switch gases more 

conveniently. Two separate crackers for AsH3 and PH3> respectively, provide a great 

flexibility for gas switching by simply operating the shutters in front of the individual gas 

crackers. Figure 3.5(b) shows a XTEM image from a MQW sample grown by separate 

crackers. Very sharp and uniform interfaces were obtained, indicative of an improvement 

of the structural accuracy during this growth. 

3.3.3 Approaches for composition control over a wide range 

The As composition in InAs^.j was achieved over a wide range by three 

different methods: As-limited incorporation, As-concentration dilution, and short-period 

superlattice (SPSL). As discussed in Chapter 2, the As composition can be controlled by 

a small setting of the AsH3 flow so that the As composition was limited by the injected 

As amount when the PH3 flow rate is not very high. This is actually very convenient and 

the As composition calibration can be performed in situ. However, to achieve an 

InASjP^ layer with a very small As composition by this growth method is limited by 

the stability of the mass flow controller at very low flow rate. An alternative method is to 

use a relatively large PH3 flow rate, compared to AsH3, to dilute the arsenic fraction in 

the flux on the growth front. The AsH3 flow rate was typically fixed at 0.6 seem, and 

PH3 flow rate was varied from 3 to 6 seem; correspondingly, the x in InAs^P^ was 

varied from 0.65 to 0.10. Another method, as shown at the lower part of Fig. 3.4, is 

alternately introducing AsH3 flow during InP growth so that the As composition in the 
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InASjPj.j quantum well layer was averaged to a smaller value by these short-period (2 to 

5 monolayers per period) InAs/InP superlattices. The x can be controlled with the ratio of 

the open and close duration of AsH3 easily with this technique. However, such frequent 

shutter and valve operation may wear out shutter mechanisms in the long run. Employing 

these three techniques, we could control x from 0.1 to 0.7 for the growth of strained 

InAsP layers. 

"8000       -6000       -4000       -2000 0 2000 

Angular Separation (arcsec) 

FIG. 3.6 High-resolution x-ray rocking curves with (400) diffraction taken from two 
highly strained (100) InAsP/InP MQW samples, with (a) from HI06 (lattice 
mismatch -2.1%) and (b) from Hill (lattice mismatch -1.7%). 
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3.3.4 Structural characterizations of (100) InAsP/InP strained MQWs 

High-resolution x-ray diffraction were recorded with the symmetric (400) 

diffraction. Figures 3.6(a) and (b) show respective x-ray rocking curves from two highly 

strained InAsP/InP MQW samples, HI06 and Hill. The mismatches between InAs^P^ 

and InP layers for these two samples are 2.1% and 1.7%, respectively. Satellite peaks, 

resulted from diffraction of strained MQWs, can be observed up to the seventh order, and 

they are sharp and distinct. This suggests that good periodicity of these multi-layered 

FIG. 3.7 An XTEM microimage for an InAsQ 5P0.5/InP strained MQW sample, in which 
the InASjP^ layer was grown with SPSL as resolved by the fine structures in 
the dark region of the picture. 
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structures was obtained. The broadening of the peaks in Fig. 3.6(a) is attributed to the 

partial strain relaxation and As carryover into the InP layer at the interface during growth 

interruption. Furthermore, the ratio of layer thicknesses of InAs to InP is exactly the 

same as the ratio of the growth duration of these two layers, because the growth rates of 

both InAs and InP are determined only by the indium flux. 

Figure 3.7 shows a XTEM image taken from Sample Hill, a strained MQW 

structure with the InAsQ 5P0.5 layer consisting of an InAs(P)(2.5 ML)/InP(2.5 ML) SPSL. 

It appears that strained MQW interfaces are very flat and abrupt. No dislocations are 

observed. Furthermore, five SPSL periods in the InAsn.sPn.s layer can be seen clearly, 

suggesting that the inter-diffusion at the interface of InAsP/InP is not serious enough to 

degrade the SPSL structure.! 12] 

3.4 Growth of InAsP/InP strained quantum wells on InP (lll)B 

3.4.1 Stereograph and miscut of the (lll)B substrate 

Epitaxial growth on low-index surfaces other than (100), namely (111) and (110), 

is of considerable interest because of associated novel physical properties[13] and also 

because of the possibility for fabricating quantum wires[14]. For the (111) orientation, 

there are two different types of surfaces: one terminated with group-Ill atoms, referred 

normally as the (111)A surface; and the other terminated with group-V atoms, referred as 

the (lll)B or (TIT) surface. Epitaxial growth is primarily performed on (lll)B 

substrates because of the difficulty of chemical cleaning of the (111)A surface. 

The growth on (111) substrates is of great importance from the material science 

point of view. The etched V-grooves belong to a set of {111} planes, which are the 

surface for regrowth of heterostructures.[15] The initial MBE study can be dated back to 

1970, when Cho conducted the first homoepitaxial growth on a GaAs(l 11)B substrate. [2] 

He reported a very distinguishable RHEED pattern for a clean Ga-rich (lll)B surface. 
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The reconstruction was identified to be J9x VT9 *23.4°. However, he failed to obtain 

a specular surface from the epitaxial layer. Pyramid-like surface defects existed on the 

surface, and the size and density were a strong function of the substrate temperature and 

the As beam flux. Vina and Wang[16] advanced the surface quality by using a slightly 

miscut GaAs (lll)B substrate. Their intention was to create some surface steps by 

introducing misorientation to help nucleation and migration of the group-Ill elements on 

the surface. Neave et al.[3] in 1986 elucidated the function of the surface step in aiding 

the growth by the so-called step-flow mode. The atoms nucleate preferentially on the 

step, so the step edge advances. The growth of one-monolayer thickness corresponds to 

the surface step flows from the original place to an adjacent edge. Under this condition 

physically absorbed molecules are incorporated in the crystal at steps where the 

molecular incorporation direction is uniquely determined. Therefore, it is very important 

to know how the surface steps change with different miscut directions. 

Shown in Fig. 3.8 is a stereograph of a face-centered cubic (fee) structure with a 

(111) pole direction. Arsenides and phosphides are zincblende structures, which consist 

of two fee lattices interlaid a quarter of the diagonal length along the (111) direction. As 

can be seen, there are two major directions of the miscut with respect to the (111) pole, 

<100> and <110>; and several minor directions, such as <310>, <210>, and <320>. 

Different miscut directions result in different shapes of the surface step; consequently, 

very different surface morphology can be expected.[17] In this dissertation, we use the 

convention defined in this stereograph to express the substrate misorientation. 

3.4.2 Optimization of the growth condition for homoepitaxial In? 

The growth rate of InP was approximately 0.4 ML/sec from the calibration with 

In-induced RHEED intensity oscillations on an InP(lOO) substrate. InP (lll)B substrates 

were cleaned and etched with our standard recipe for (100) substrates. The surface oxide 
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FIG. 3.8  Stereograph for a fee cubic structure along the (111) pole. 

was thermally flashed out at 450 "C under a phosphorus beam flux for about 5 min. in 

the growth chamber. The (lll)B substrates were found thermally more stable than (100) 

substrates. InP layers were homoepitaxially grown with a substrate temperature (Ts) 

ranging from 410 to 510 °C, and a V/III incorporation ratio (the ratio of incorporation 
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rates of phosphorus over indium as respectively determined by group-V- and group-III- 

induced RHEED oscillations[18]) from 1 to 5. A (2x1) surface reconstruction was 

identified from the RHEED pattern for a clean InP surface after thermal flashing and 

during growth. Even though a wide range of the PH3 gas flow was used we have never 

seen the Vl9 x Vl9 pattern on InP (lll)B surface.[2] 

50jULm 

FIG. 3.9  Nomarski micrographs of the surface of 1 \m InP epilayers grown on InP 
(111)B substrates with misorientation of 0.5° toward <110> under different 
substrate temperatures and V/III incorporation ratios, (a) Ts=470 °C, V/III-1; 
(b) Ts=470 -C, V/III-3; (c) Ts=490 'C. V/III-1; and (d) Ts=490 'C, V/ffl-3. 
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Since atoms on a (lll)B surface have only a single dangling bond, whereas they 

have two on a (100) surface, it is energetically more stable for group-Ill atoms to fall into 

the sites with two dangling bonds, resulting in pyramid-like surface defects due to the 

(100) facet growth. Thus, a key issue for obtaining a good surface morphology on a 

(111) surface is to introduce a small misorientation so that the surface step permits the 

growth to be governed by a step-flow mode.[3] At the edge of these steps an adatom 

shares two dangling bonds, thus resembling the case of a (100) surface. This type of 

adsorption is more stable than that by a single dangling bond existing on a flat (111)B 

surface.[19] Therefore, we used exactly oriented, misoriented 0.5°, 1° or 2° toward 

<100> or <110> InP (111)B substrates in the present study. 

Figures 3.9(a)-(d) show Nomarski interference contrast micrographs of the 

surface morphology of 1 ^im InP films grown on (lll)B substrates with 0.5° off toward 

<110> at various substrate temperatures and V/III incorporation ratios. Our results show 

that the surface morphology is generally better when the film was grown at higher 

temperature. However, some hexagonal voidlike surface defects begin to appear when 

the Ts is higher than 490 °C, as shown in Figs. 3.9(c) and (d). These surface defects are 

likely due to the evaporation of phosphorus from decomposed InP. On the other hand, 

poorer surface morphology was observed with increasing the phosphorus flux (or V/III 

incorporation ratio) because of a retardation of indium migration by the excess 

phosphorus on the surface, as depicted in Figs. 3.9(b) vs. (a), and 3.9(d) vs. (c). We 

further examine the surface morphology of the films grown at higher Ts (>490 °C) with a 

higher phosphorus flux (up to V/III-5) protection, we find that voidlike surface defects 

always exist when the Ts is higher than 490 °C even with higher V/III ratio. Therefore, 

an optimal growth condition is identified as Ts-470 °C and V/III ratio -1 for the InP 

growth on (lll)B with 0.5° off toward <110>. Featureless surfaces are obtained with 

these optimized growth conditions, as shown in Fig. 3.9(a). Since the migration length 
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may differ slightly for substrates with different misorientations, a small deviation of the 

optimal conditions are observed for r and 2' misoriented substrates. We find that the 

higher Ts is better for the substrate with more misorientation, such as 2" off, yet the voids 

appear subsequently on the surface. Hence, it is more readily to obtain a good surface 

with 0.5-1° misorientation. 
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FIG 310 RHEED oscillations during modulated phosphorus beam growth with 
different V/III incorporation ratios. The sequence of the shutter operation is 

also indicated. 
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An alternative method to improve the surface morphology was performed by 

modulating the phosphorus beam while supplying the indium beam continuously, a 

manner similar to migration-enhanced epitaxy (MEE).[20] The termination of the 

phosphorus beam flux is to enhance the migration of surface indium atoms. A typical 

growth sequence of modulated beam epitaxy is shown in Fig. 3.10. Different V/IH 

incorporation ratios were employed. The unity V/ffl incorporation ratio represents the 

growth condition that the phosphorus flux is just enough to compensate the deposited 

indium atoms in a cycle. The RHEED intensity oscillations are shown in Fig. 3.10 The 

persistence of equal amplitude oscillations indicates a step-flow growth mode was 

achieved in all of these growth runs.[20] However, the temporal change of the RHEED 

intensity differs significantly with different V/ffl ratios. With increasing V/ffl ratio, the 

retardation of the indium atom migration results in a decrease of the RHEED intensity 

during the indium and phosphorus supply. The unity V/ffl ratio increases the intensity 

monotonically, indicating the most efficient migration of indium atoms at this condition. 

This result is consistent with the surface morphology observation. We have obtained 

featureless surface morphology of InP epitaxial layers grown on all of the misoriented 

and exact (lll)B substrates by using the modulated-beam technique.[21] It has been 

reported recently that mirror-like surfaces can also be achieved on exactly (lll)B GaAs 

substrates by either carefully controlling the growth condition by monitoring the intensity 

of the RHEED [22] or by MEE.[20] 

3.4.3 Optimization of the growth condition for InAsP/InP heterostructures 

InP (lll)B substrates with 0.5°, 1* or 2" misorientation toward <100> or <110> 

were used in this study because a step-flow growth mode likely produces a mirror-like 

surface morphology. The InAs^./mP strained quantum well structures were grown 

under the optimal conditions determined for InP. A typical structure consists of 15-period 
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InAsP(80 Ä)/InP(120 A) MQWs. In order to compare the optical property of (111) 

MQWs directly with (100) MQWs, the same structure was also grown consecutively on a 

(100) substrate with identical growth conditions except that the InP buffer layer on the 

(100) substrate was grown with a V/ffl incorporation ratio of approximately 1.5 [since a 

unity ratio usually results in a hazy surface for (100) growth]. Shown in Figs. 3.11(a)-(d) 

are Nomarski micrographs of the surface morphology from 15-period InAso.2iPo.79(80 

A)/InP(120 A) strained MQWs grown side-by-side on (lll)B substrates with 0.5 and 1* 
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FIG. 3.11 Nomarski micrographs of surfaces of 15-period InAsP(80 A)/InP(120 A) 
strained MQW structures grown on InP (111)B substrates with various 
misorientations. (a) 0.5° off toward <110>; (b) V toward <110>; (c) 0.5' 
toward <211>; and (d) 1° toward <211>. 
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off toward <110> and <211> directions, respectively. As can be seen in Fig. 3.11(a) and 

(c), some pyramid-like structures exist. These are believed to appear during InAsP 

growth since the InP films grown at the same condition show specular surfaces. It is 

reasonable that the optimal growth conditions for InP and InAsP could be slightly 

different. The hatch lines, intersecting at 120', can be seen from Fig. 3.11(d); these are 

attributed to strain relaxation in the InAsP layer. However, we can obtain a specular 

surface from the same structure grown on a (lll)B substrate with V off toward <110> 

direction, as shown in Fig. 3.11(b). These results suggest that the misorientation with r 

off toward <110> direction is the most desirable for growing InAsP/InP strained 

heterostructures.[17] 
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FIG. 3.12 A symmetric (333) x-ray rocking curve taken from a 1 ^im thick InP (111)B 
epilayer with 0.5° misorientation. 
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3.4.4 Characterization of(lll)B InP epilayers 

Specular InP epilayers were examined by high-resolution x-ray rocking curves. A 

symmetric diffraction from a monochromatic radiation of the Cu Kcq line was recorded 

in the vicinity of the (333) reflection. A typical x-ray rocking curve from a 1 p.m thick 

InP film is shown in Fig. 3.12. The peak located at the 0 position is identified to be from 

the InP (lll)B substrate, with a full width at half maximum (FWHM) of 19 arcsec. The 

peak appearing at a smaller angle is from the InP epilayer. The small angular separation 

from the substrate peak is due to a small arsenic contamination in the MBE chamber. The 

incorporation of the As in InP layer, InP(As), is estimated to be only about 1%. This 

offset makes the characterization of epilayer even easier. The FWHM from the InP 

epilayer is as narrow as 25 arcsec. This indicates a good macroscopic crystalline quality. 

Photoluminescence measurements were carried out at about 20 K. The 

luminescence was excited by the 5145 Ä line of an argon ion laser. Shown in Fig. 3.13 

are PL spectra taken from three 1.0 \im thick InP epilayers grown on 0.5" off to <110> 

InP (lll)B substrates at Ts=450, 470 and 490 'C, respectively. These peaks are 

attributed to the bound exciton transitions. The smallest FWHM was achieved from the 

sample grown at Ts=470 X (3.5 meV). This result is consistent with the observation of 

the best surface morphology. A slightly larger linewidth (5.3 meV) and smaller emission 

energy were observed from the InP layer grown at 450 °C than the film grown at 470 °C. 

This may be due to more impurity incorporation when it was grown at lower 

temperature. An intense and broad (FWHM=9.7 meV) peak was seen for the InP layer 

grown at 490 °C. This strong peak at low energy is assigned as the defect-related 

transition since many voidlike defects exist on the sample surface. A lower impurity 

incorporation at this high growth temperature could also be responsible for the high PL 

intensity from this sample. The PL intensity is as intense as those from (100) InP films 

grown side-by-side.[21] 
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FIG. 3.13 Low-temperature PL spectra taken from 1 \im thick homoepitaxial InP layers 
grown at Ts= 450,470 and 490 "C. The FWHMs for these three samples are 
5.3, 3.5 and 9.7 meV, respectively. 

Our recent experimental results from high-resolution PL measurements at low 

temperature[23] indicate that phosphorus vacancies are likely produced in the InP growth 

by modulated-beam technique. As a result, some fine spectral structures with emission 

energies slightly smaller than the InP bandgap are resolved. In addition, the frequent 

shutter operation in this technique makes the modulated-beam growth technique 

undesirable. Thus, the (lll)B samples were primarily grown under the optimal 

conditions determined above using continuous growth. 
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Room-temperature Hall measurements of a 2 urn undoped InP show a mobility of 

4000 cm2/Vs with an n-type background carrier concentration of 3xl015 cm"3. A Si- 

doped InP film has a mobility of 2800 cm2/Vs with an electron concentration of 3xl018 

cm"3. These results are comparable to those obtained from (100) InP layers.[16] 
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FIG 3 14 A typical x-ray rocking curve of a symmetric (333) diffraction from a 15- 
period InAso2iPo79(80 A)/InP(120 Ä) strained MQW structure. Intense and 
sharp satellite peaks can be seen up to the third order, and Pendellosung 
fringes appear on the wings of the substrate and adjacent satellite peaks. 
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3.4.5 Characterization of(lll)B InAsP/InP strained MQWs 

Specular InAsP/InP MQW structures were examined by high-resolution x-ray 

rocking curves. A symmetric (333) diffraction from a 15-period InAso.2iPo.79(80 

Ä)/InP(120 A) strained MQW structure is shown in Fig. 3.14. Sharp and distinct satellite 

peaks can be observed up to the third order, and the Pendellösung fringes due to the 

interference of diffraction from the whole MQW structure can be observed, indicating 

good crystalline quality, lateral uniformity and vertical periodicity. Simulations to 

rocking curves (see details in the next section) taken from the samples grown on both 

(lll)B and (100) substrates based on the dynamical theory show that almost the same 

growth rate and group-V incorporation behavior exist for the growth on these two 

differently oriented substrates. 

Specimens for XTEM were thinned by chemical polishing, and ion milling at 

77K, which effectively reduced indium segregation. Shown in Fig. 3.15(a) is an XTEM 

micrograph from a 15-period InAs021P079(80 A)/InP(120 A) strained MQW structure 

possessing a specular surface morphology grown on an InP (lll)B substrate with 1° 

miscut to <110>. We see very sharp and uniform InAsP/InP interfaces. No defects were 

observed even when the specimen was tilted around. The lattice mismatch (-0.7%) 

between InAs021P079 and InP is apparently accommodated coherently. However, for the 

same structure grown on an InP (lll)B substrate with 1° miscut to <100>, we observed 

some hatch lines on the surface due to strain relaxation. The surface morphology for this 

sample is shown in the inset of Fig. 3.15(b). We observed misfit dislocations, some of 

which even penetrate into the InP buffer layer as a consequence of the strain energy 

relief, as illustrated in Fig. 3.15(b). 
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(a) 

(b) 

FIG 315 XTEM micrographs taken from InAsP/InP MQWs grown on InP (111)B 
substrates with a 1° misorientation toward to (a) <110> direction, and (b) 
<100> direction. The inset of (b) shows the Nomarski microscopic picture of 
the surface morphology. Hatch lines are due to strain relaxation. 
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3.5 Simulation of x-ray rocking curves 

3.5.1 High-resolution x-ray rocking curves 

Specular InAsP/InP MQW structures were examined by high-resolution x-ray 

rocking curves. Symmetric diffraction [(400) for (100) samples and (333) for (lll)B 

samples] from a monochromatic radiation of the Cu Ka{ line was recorded. The four- 

reflection monochromator consists of two channel-cut Ge crystals (220 reflections), as 

described by Bartels.[24] The diffraction signal was detected at an angle of 26B when the 

sample was scanned in the vicinity of Bragg angle 6B. The diffraction configuration is 

depicted in Fig. 3.16. The 8B satisfies the Bragg diffraction condition: 

2dsin6g=n\, (3.3) 

XT    X 
D2      180°-28 

FIG. 3.16 Schematic diagram of the diffraction configuration of the x-ray diffractometry. 
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where X is the x-ray wavelength and is approximately 1.5406 Ä for the Cu Kcq line; d is 

the spacing of diffraction planes; it depends on both the lattice constant and the crystal 

plan indices (h, k, /): 

d = (3.4) 
h2 . k2 

a]     a]     a, 

Some structural information can be obtained from the x-ray rocking curve even 

without running simulations. For instance, the total layer thickness (Lz+Lb) for one 

period can be obtained from the angular separation of adjacent satellite peaks, A0O>±1 

from 

X 
4+ h = 2A0o±,cos0fl 

(3.5) 

Moreover, the composition of InAs^., can be estimated from the angular separation 

between the zeroth order satellite peak of MQWs and the substrate peak, A0W from the 

derivative to the Bragg condition, Eq. (3.3). It reads 

^ = -cote.Ae,,, (3-6) 

where d' is the average plane spacing of the MQW structure. The alloy composition can 

be easily calculated from d'. 

3.5.2 Elastic deformation and anisotropy of the elastic tensor 

For a pseudomorphic multi-layered structure, the alloy composition can be 

determined from its average lattice-plane spacing in the growth direction. In the 

tetragonal distortion approximation of a strained layer with respect to the film 
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coordinates, the strain tensor for a strained layer on a (100) surface possesses only 

nonzero diagonal elements, and these elements can be expressed as[25,26] 

- af~a° - P 
£Ä    —      £yy    — —      £<>       » 

a, f (3.7) 
2C12 p   — — ——e 

where a, and a0 are the respective lattice constants of the free-standing InAs^P^ layer 

and the InP substrate. Cn and Cn are elastic stiffness constants. 

However, the elastic deformation in the (111) direction is anisotropic, as 

demonstrated in Refs. 25 and 26. Basically, the lattice-mismatch between InAs^P^ and 

InP generates a tetragonal distortion with respect to the growth surface, but not with 

respect to the cubic axes (crystalline coordinates). Therefore, the off-diagonal elements 

of the strain tensor, which measure shear deformations, are nonzero. After an orthogonal 

basis transformation, the strain tensor elements, written with respect to the coordinates of 

the film [(111)B surface], are 

_ a
f ~ ao _ 

°f 

£„ = 
-2Cn-4Cn+4CM 

33 ""       s*    .   >\r>     .    Ar> ° ' C„ + 2CI2 + 4C 
£„ . (3.8) 

£23 — £31 — £12 - ^ • 

Corresponding to a transformation of the strain tensor, diffraction indices must be 

transformed by the same basis matrix. [26] The symmetric (333) diffraction, for example, 

was transformed to (0, 0, V27) accordingly in the film coordinates. 
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3.5.3 Computer simulation and structural parameter determination 

To simulate the x-ray rocking curve there are mainly two diffraction theories 

popularly used, the kinematical model and dynamical model. The former takes into 

account of only a single reflection, but the physical picture is intuitive;[27,28] while the 

latter takes into account of multiple reflections, and therefore are more rigorous. [29,30] 

We have carried out computer simulations based on the dynamical diffraction theory. We 

will not present the details for this model here. Interested readers can refer to the Refs. 29 

and 30. 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 
Angular Difference (Degree) 

FIG 317 (a) A high-resolution x-ray rocking curve and (b) a dynamic-theory 
simulation for a 15-period (100) InAso.5Po.5(76 A)/InP(162 A) strained 
MQW structure. The best fit allows a precise determination of the arsenic 
composition and well and barrier layer thicknesses. 
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We assume that interfaces are abrupt and flat, and the chemical composition in 

the alloy layer is uniform. The elastic deformation is a tetragonal distortion in the growth 

direction. The simulation was conducted by assuming that InAs^ layers are 

pseudomorphically strained and that InP layers are unstrained. 

Shown in Fig. 3.17(b) is the best fit to the symmetric (400) rocking curve Fig. 

3.17(a), which was taken from a nominal structure of 16-period InAso.5P0.5(73 

A)/InP(158 Ä)  strained MQWs. Satellite peaks, resulting from diffraction of strained 

MQWs, can be observed up to the seventh order, and they are sharp and distinct. This 

indicates that this highly-strained (1.7%), multi-layered structure possesses a good 

periodicity. The best fit suggests that the strained MQW consists of  16-period 

InAso5P0.5(76 Ä)/InP(162 A), which is in excellent agreement with the nominal 

parameters given by the growth condition. The slight broadening of the actual rocking 

curve shown in Fig. 3.17(a) may be attributed to As carryover into the InP layer at the 

interface during growth interruption. Another possibility is the incorporation of residual 

As. This small, but not periodic contamination in the InP layer could result either from 

the cracker or from the chamber, which were not considered in the simulation. 

Figure 3.18 depicts a typical symmetric (333) x-ray rocking curve and simulation 

taken from a (lll)B InAs^./lnP strained MQW structure. Figure 3.18(b) is the best fit 

to the experimental curve Fig. 3.18(a) with a special consideration for the strain 

distortion and diffraction conversion discussed above. The structural parameters used in 

the best fit are for a 15-period InAs^^^-S Ä)/InP(119 A) MQW structure. These 

parameters are very close to the nominal parameters [15-period InAso.2P0.8 (80 A)/ 

InP(120 A)], implying a very good control in the MBE growth. Excellent fits for peak 

positions and profiles suggest an excellent periodicity and structural accuracy of the 

MQWs. From this discussion, we can see that the x-ray rocking curve and computer 
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simulations are very powerful in characterizing structural properties and determining 

structural parameters precisely. 
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FIG. 3.18 (a) An x-ray rocking curve from (lll)B 15-period InAso.2iPfj.79(80 A^ 
InP( 120 Ä) strained MQWs in the vicinity of symmetric (333) diffraction. 
Satellite peaks and Pendellösung fringes show good crystalline quality, (b) A 
dynamical-theory simulation considering the anisotropy of the strain tensor in 
(111) orientation. 
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3.6 Conclusion 

In summary, we have presented studies on the epitaxial growth and structural 

properties of strained (100) and (lll)B InAs^P^nP strained MQWs in this chapter. 

Critical layer thickness for pseudomorphic epitaxial growth was calculated based on the 

mechanical equilibrium model and determined experimentally by XTEM images and PL 

spectra. The growth optimization with respect to the substrate temperature, V/III 

incorporation ratio, and the substrate misorientation enables us to achieve specular 

surfaces for InP and InAs^P^nP MQWs on InP (lll)B substrates. The arsenic 

composition in InAs^.* was successfully controlled over a wide range, from 0.1 to 0.7, 

by using different techniques. Characterizations by XTEM and high-resolution x-ray 

rocking curve measurements reveal excellent structural uniformity, periodicity, and 

accuracy. Computer simulations to x-ray rocking curves based on the dynamical theory, 

with anisotropy of the strain tensor taken into account, were performed for both (100) 

and (lll)B InAs^P^nP MQW structures. Excellent fits were achieved, from which the 

structural parameters were extracted precisely. This growth and structural 

characterization studies provide a solid background to the investigation of optical 

properties of InAs^.^/InP quantum structures in the next chapters. 
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Chapter IV 

Optical Properties of InAsP/InP Strained Quantum Wells 

Grown on InP (100) and InP (lll)B Substrates 

4.1 Introduction 

It was pointed out in Chapter 2 that the InAsP/InP quantum well structures can 

provide excitonic emission from 0.98 to 1.55 urn at room temperature. Basically the 

InAsP/InP quantum structure can be an alternative material system to the more complex 

quaternary InGaAsP/InP quantum wells for some optoelectronic device applications. The 

As composition in InAs^P^ can be controlled with an in situ technique to achieve the 

desired wavelength in this spectral region very easily. Chapter 3 shows that the 

InAsP/InP strained MQWs possess high structural quality. This chapter therefore serves 

as a study of the general optical property of the InAsP/InP strained quantum wells. The 

first goal for the work presented in this chapter is to characterize the optical quality of 

heterostructure materials using various optical techniques. Second, the valence band 

offset is an essential property of the heterostructure for engineering transition energies 

from a quantum well for optoelectronic devices,[l-3] and it is determined by comparing 

a theoretical calculation with the experimental spectra. 

Furthermore, we extended our study of the optical properties to InAsP/InP 

quantum wells grown on InP (lll)B substrates. It has been demonstrated recently, that 

compound semiconductor heterostructures grown on (lll)B substrates have some novel 

physical properties. [4] The large heavy-hole effective mass along the growth direction in 

(111)B GaAs/AlGaAs quantum wells gives rise to a 50-fold enhancement of the quantum 

efficiency of interband transitions.[5,6] As a result, a reduction of the threshold current in 
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a heterostructure laser fabricated from a GaAs/AlGaAs quantum well structure grown on 

a GaAs (lll)B substrate was achieved.[5] In addition, this larger effective mass along 

the growth direction leads to a larger energy shift in quantum confined Stark effect 

(QCSE). More interestingly, a net displacement of the positive and negative charges can 

be generated in a strained quantum well grown on a (lll)B substrate due to the lack of 

inversion symmetry in the zincblende structure. [4] As a result, an internal electric field 

can be produced from the piezoelectric effect.[7] Some novel nonlinear optoelectronic 

devices, such as the self electrooptic-effect devices (SEEDs)[8] and optical switches, 

were proposed by using the blue-shifted electroabsorption[7] and the large optical 

nonlinearity resulting from screening of the internal electric field, respectively. [9] 

Work to date for the study of (lll)B heterostructures, however, has been 

primarily performed for structures grown on GaAs substrates. Little has been 

accomplished for structures on InP (111)B substrates. [10-12] 

In this chapter, we present optical properties of both (lll)B and (100) InAsP/InP 

strained multiple quantum wells (MQWs) grown by gas-source molecular beam epitaxy 

(GSMBE). This study is intended to explore the quantum size effect of the (111) and 

(100) heterostructures, and to provide a better understanding of the dependence of the 

optical property on substrate orientations. In Section 4.2, we present theoretical models, 

with various effects on band-structure modulation taken into account, for calculating 

transition energies from (100) and (lll)B quantum wells. Section 4.3 describes various 

optical techniques and typical optical spectra as general material characterizations. In 

Section 4.4, optical properties of (100) and (lll)B InAsP/InP MQWs are studied in a 

comparative manner, and the emphasis is on resolving the difference in the quantum-size 

effect and on determining the valence-band discontinuity. Section 4.5 focuses on the 

screening of piezoelectric field by photo-generated carriers in (lll)B InAsP/InP quantum 

structures. 
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4.2 Band structure and energy-level calculations 

4.2.1 Envelope-function model 

Energy levels of confined particles in a quantum well can be obtained by solving 

the one-dimensional single-particle Schrödinger equation which we write within the 

envelope-function and effective-mass approximation as: 

bAv-^-V)+ V0(z)mz)= £4>(z) (4.1) 
2m0      m (z) 

where m*(z) is the carrier effective mass (different in the well- and the barrier-layer 

materials) and V0(z) is the effective potential energy which, in the case of a square well, 

is the height of the potential step, 

f V0   forz< 1/2 .. ., 
oK)     \o     forz>L/2, 

where L is the well thickness. 

By applying boundary conditions that the wavefunction and the probability 

current are continuous across the heterointerface, the solution for a square potential well 

can be written in the well known implicit form as: [13] 

j m k 
tan (kw —) = —^ for even states, 

2       rnbkw ^ 

tm(kw-) = - ^^     for odd states, 
2 "»A 

where k2
w= 2m'wE/h2 and k2

b = 2ml(Vg-E)/h2, and mw and rnb refer to effective 

masses of the well and the barrier materials, respectively. [13] The wave function is well 

known to have a form of sinusoidal oscillations in the well and an exponential decay in 

the barrier layer. Eqs. (4.3) can be solved numerically. Since the bandgap of InAsP layer 

is usually small (-1 eV), the conduction band nonparabolicity may not be neglected. In a 
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two-band    model,     the    electron    effective    mass    (m*)    is    corrected     as 

rnt(E) = m't(\+ 2E/Eg),[l3] where Eg is the bandgap energy. 

EPITAXIAL 
LAYER 

SUBSTRATE 

(2) Eo(1) Eo*Ao 

O £*-• JA f\       mj *. 1/2 *>~N> 

1/2 
^ 

Vl(J=3/2,mj=t3/2) 

.V2(J=3/2,mj=i1/i2) 

V3(J=1/2,m,=il/2) 

FIG. 4.1. Schematic diagram of the tetragonal distortion of a strained InAsP layer grown 
on an InP substrate. The InAsP layer is biaxially strained, while there is no 
strain in the InP layer. 
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4.2.2 Strain-induced change of the band structure 

The method of the energy-level calculation is the same for (lll)B and (100) 

quantum wells, but there are some fundamental differences in the orientation-dependent 

material parameters between (lll)B and (100) bulk materials (such as elastic 

deformation, strain-induced bandedge shift, and valence-band anisotropy), and between 

the quantum structures grown on these different oriented substrates (e.g., the 

piezoelectric effect). 

A. Elastic deformation 

In an approximation of elastic deformation, a biaxial compressive strain will be 

present in the InAsP layer when the InAs^Pj^ layer is pseudomorphically grown on an 

InP substrate. The strain is assumed only in the InAsP layer because the thickness of the 

InP substrate is far larger than that of the InAsP layer. This results in a tetragonal 

distortion with respect to the growth surface. Shown in Fig. 4.1 is a schematic diagram of 

the accommodation of the lattice mismatch between the two layers. When the InAsP 

layer is grown on a (100) substrate, off-diagonal strain-tensor elements vanish, and the 

three major diagonal elements, eu (i=x,y,z), can be expressed as[14] 

ar — a f o 
F     =   F     =  — =   F 

a ' 
' (4.4) 

2CP 
F    = —  — F 

where af and a0 are respective lattice constants of the free-standing InAsP and InP 

substrate; Cn and C,2 are the elastic stiffness constants. In the case of (lll)B substrate, 

however, the tetragonal distortion is with respect to the (111) direction (film 

coordinates), but not to the cubic axes (crystalline coordinates); consequently, the off- 

diagonal strain-tensor elements are nonzero in this case. Caridi and Stark [14] have 
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reported a detailed calculation of the strain tensors for all the [hhk] orientations. For the 

(111) orientation, the strain-tensor elements can be expressed as 

= 4C« 

=    -(C„ + 2C,2) 
e»   q1 + 2^+4C4t

e- (,*y) * 

where /, j = x, y, z, and e,-y (iV/) represent shear components of the strain tensor. 

B. Shift of the bandedge induced by strain 

The biaxial compressive strain in the InAs^Pj.^ well layer can be equalized by a 

hydrostatic (compressive) pressure and a uniaxial stress along the growth direction. For 

the QW grown on a (100) substrate, the hydrostatic pressure component enlarges the 

bandgap, while the uniaxial stress component splits the valence band degeneracy. On the 

other hand, the bandedge change for the (lll)B quantum structure is related to the shear 

component of the deformation potential due to the nonzero off-diagonal strain-tensor 

elements. Finally the changes of the bandedge of the conduction band (CB), SEC, and of 

the valence band (VB), 8EV, read[15] 

K = 2ac 
C  -C Hi     H2 

£<, 

SEV 
= 2av 

C -C Ml       *"12 e0 ±*C> + 2C12 

5E„ = 3fl. e., 

for (100),       (4.6) 

r for(lll)B,     (4.7) 
5EV = 3ave,. ± 73^. 

where the strain-tensor elements, £;,• and £y, have been given by Eqs. (4.5); parameters ac 

and av are respective hydrostatic deformation potentials of the CB and the VB; b and d 

are shear deformation potentials. The signs "+" and "-" are for the heavy hole (hh) and 

the light hole (lh) bandedge, respectively. Usually the hydrostatic deformation potential, 
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a, is obtained from the measured change of the total bandgap rather than the absolute 

bandedge shift. For the sake of discussions, ac was chosen to be ja, and av ~f a.[16] 

However, the final results are not sensitive to the change in the assumed ratio. 

C. Valence-band anisotropy 

Another important difference between the quantum structures grown on (100) and 

(lll)B substrates is the VB anisotropy effect; namely, different effective hole masses for 

these two orientations. This difference affects the quantization shift in the quantum well. 

Expressed in terms of Luttinger parameters (7,, y2 and ?3) the effective mass in the 

vicinity of the zone center (k=0) reads 

»4 = -^- for(lOO), 

m (4-8) 

<h = —^r- for(lll)B, 

where m0 is the free electron mass. Lawaetz[17] calculated Luttinger parameters for all 

the III-V compounds. The resultant hole effective masses are calculated and listed in 

Table 4.1. The hh effective mass in (lll)B direction is found to be about 2.5 times as 

large as that in the (100) direction. On the other hand, the lh effective mass is rather less 

dependent on the orientation. This large VB anisotropy was studied experimentally for 

GaAs/AlGaAs (lll)B quantum structures by Hayakawa et al.[18] Many superior optical 

characteristics for (lll)B quantum structures are related to the large heavy-hole effective 

mass. [5,18] 

Figure 4.2 shows a schematic diagram of the bandedge shift calculated from Eqs. 

(4.6) and (4.7) for strained InAso2iPo.79 lavers grown on both (lll)B and (100) 

substrates. We can see the clear effect of the biaxial compressive strain in enlarging the 

bandgap and splitting the VB degeneracy. Furthermore, it is noteworthy that the bandgap 

enlargement by the hydrostatic component for the (lll)B strained InAsP layer is about 
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13 meV larger than the same layer grown on the (100) substrate, as a result of the 

different bandgap dependence on the strain. 

i 4 

43.7 
31.5 

Eg + 23.8 

hydro hydro 

Eg + 36.7 

uniaxial • ■ ■•* 15.7 21.8 
23.4 shear 

28.8 

Strained InAsP    ,,    ^   .     ..  .  _   Strained InAsP 
onlnP(IOO)      Unstrained InAsP    onInP(111)B 

FIG. 4.2. Schematic diagram of the band structure modification for InAso.2iPo.79^nP 

heterostructures pseudomorphically grown on InP (lll)B and (100) substrates, 
respectively. The energy changes due to hydrostatic pressure, uniaxial stress 
and shear components are designated respectively. 

4.2.3 Piezoelectric effect of (111) InAsP/lnP strained quantum wells 

An important difference between (111) and (100) heterostructures is that there is 

a piezoelectric effect for strained quantum wells grown on a (111) substrate. A large 
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electric field can be generated in the strained-layer region. The direction of the field is 

dependent on the strain direction (compressive or tensile) and the (111) orientation 

[(lll)B or (lll)A], and the magnitude of this field is dependent on the shear strain 

component and the piezoelectric constant (e14). 

, ^    ,    2yf3e14e,. 
\F^\=~7jf-' (49) 

where em and er are dielectric constants of the vacuum and the material, respectively. It 

has been reported theoretically and experimentally[4,7] that the piezoelectric field can be 

as large as 200 kV/cm for a strained InGaAs/GaAs quantum well structure with a lattice 

mismatch of -1%. However, this field is relatively smaller for the InAsP/InP system 

(e.g., -70 kV/cm field for a lattice mismatch of 1%) because of a smaller piezoelectric 

constant. Figure 4.3 shows the magnitude of the built-in piezoelectric field in the 

quantum well calculated from Eq. (4.9) as a function of the As composition in strained 

InAsP/InP quantum wells grown on InP (lll)B substrates. 

As we see from the above discussion, it is more complicated to calculate the 

confined energy levels for (111) quantum structures due to the built-in electric field. The 

effect of this field is to tilt the bandedge of the well layer. As a result, the wave function 

of electrons and holes will be separated. A decrease of the overlap integral will reduce 

the oscillator strength, and therefore lead to a decrease of the emission intensity as 

compared to the same structure grown on a (100) substrate. Another effect is that the 

confined energy shifts to the bottom of the quantum well when the bandedge is tilted 

with applying an electric field, resulting in a red shift of the emission energy. This is the 

so-called quantum confined Stark effect (QCSE). To account for the transition energy 

effectively for (111) quantum wells, the energy shift due to this QCSE has to be 

considered. Miller et al. [19] reported an "effective well width" model, where a quantum 

well with a finite barrier is approximated by one with an infinite barrier and an effective 
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well width. The effective well width is chosen to give the correct energies of the actual 

quantum well with the finite barrier in the absence of an electric field. With this 

approximation, the Schrödinger equation under an electric field can be solved 

analytically. The energies can be obtained as a function of the electric field from a 

numerical calculation of the Airy functions. 

150- 

&100 
■o 
■B 
II 
o 

1 
1  5° 
JE 

0.0 0.2 0.4 0.6 

As Conpooticn 

0.8 

FIG. 4.3. The magnitude of the piezoelectric field in an InAs^Pj.jj/InP strained quantum 
well grown on an InP (lll)B substrate. 
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TAB. 4.1. Physical constants of InP and InAs used in the present calculation3 

InP InAs 

Lattice constant (Ä) 5.8687 6.0584 

C„ (1011 dyn/cm2) 10.11 8.33 

C/2 (1011 dyn/cra2) 5.61 4.526 

C^CIO11 dyn/cm2) 4.56 3.96 

fl(eV) -7.4b -6.9b 

fc(eV) -1.7 -1.7 

d(eV) -5.0b ^.0b 

m\    (jn0) 0.076 0.0231 

«»(111)    to) 1.316c 0.92c 

w*0<X>)    K) 0.472C 0.34C 

»£(111)    K) 0.085c 0.026c 

»£(100)    (m.) 0.096c 0.027c 

er 
12.4 14.6 

e„   (Cm-2) -0.042d - 0.045e 
===== 

*Landolt-Börnstein New Series, Edited by O. Madelung, Vol. 22a, (Springer-Verlag, 

1986). 
b D. D. Nolte, W. Walukiewicz, and E. E. Haller, Phys. Rev. Lett. 59, 501 (1987). 

c P. Lawaetz, Phys. Rev. B 4, 3460 (1971). 

d S. Adachi, J. Appl. Phys. 53, 8775 (1982). 

e E. A. Caridi, T. Y. Chang, K. W. Goossen, and L. F. Eastman, Appl. Phys. Lett. 56 

659 (1990). 
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For unstrained InASjP^ compound the fundamental bandgap was chosen to be 

£,(x)=1.416-1.36x+0.36x2 (eV) at 15K and EJx) =1.351-1.315^+0.32x2 (eV) at 

300K, respectively. [24] Knowing the bandgap discontinuity between the InP barrier layer 

and InAsP well layer, we assumed Qv (AEyAEg)=0.30[20,21] and calculated the 

confined energy levels for electrons and holes by using the envelope-function model, 

where AEV is the valence band discontinuity, and AEg is the difference of the band gap 

energy between the well layer and the barrier layer. The physical constants used in this 

calculation are summarized in Table 4.1. The parameters for InAs^P^ are obtained by 

assuming that Vegard's law applies and by linearly interpolating from the values between 

end binary compounds. Furthermore, the QCSE energy shift of the confined energy 

levels was calculated using the effective well-width model. Illustrated in Fig. 4.4 is the 

QCSE energy shift as a function of the electric field for the first confined electron, hh 

and lh levels, respectively. This field can be either applied externally or built in 

internally. Note that the energies of the hh and lh shift much faster than that of the 

electron level. Using a variational method for an infinite quantum well, Bastard et al [22] 

calculated the field-induced energy shift, in the weak-field limit, to be 

8EQCSEocm*F2L4, (4.10) 

where F and L are the electric field and the well width, respectively. Therefore, the larger 

energy shift from the hh level, compared to the electron level, can be attributed to the 

larger hh effective mass. On the other hand, the lh confined level shifts even more than 

the hh level even though the lh effective mass is similar to that of the electron. From Fig. 

4.2 we see that the lh quantum well can be very shallow due to the strain-induced 

splitting of the valence bandedge. The confined energy level is thus very close to the 

bottom of the quantum well of the lh bandedge. This small confined energy can be 

equalized by a wider but infinite quantum well in the effective well-width model, so the 
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energy shift should be very significant for the lh level owing to the L4 dependence. 

Hence, we may conclude that a larger energy shift is from a level with a smaller confined 

energy, which can be induced by a larger effective mass, a smaller well depth, or a wider 

well width. Another result we can expect from Eq. (4.10) is a larger energy shift for a 

(111) quantum well than a (100) well because of the larger hh effective mass in the (111) 

direction. This was observed in GaAs/AlGaAs quantum wells experimentally. [23] 

10 20 30 40 
Electric Field (W/cn} 

50 

FIG 4 4 Energy shift of the first electron, hh and lh levels in InAso.2iPo.79(80 

Ä)/InP(120 Ä) strained MQWs under an electric field due to QCSE. The 
calculation is based on the effective well width model. Larger shifts are 
obtained from levels with smaller confined energies. 
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FIG. 4.5. Energy shift of different hh subbands as a function of the applied electric field 
across the quantum well region. Significant difference of the energy shift is 
predicted. This result indicates that the energy shift of the higher subband 
excitonic transition is very small. 

Figure 4.5 depicts the QCSE energy shift for different hh subbands as a function 

of the electric field. The energy shift is seen to differ significantly, and it is very small 

for the higher subbands. [28] This implies that a correction in transition energy for the 

higher subband excitonic transition is often unnecessary. 
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4.2.4 Energy calculation ofexcitonic transition 

After calculating the confined energy levels, Ee and Eh, for electrons and holes, 

respectively, the energy for excitonic transition is given by 

E^^E^E. + E.-E.+ m, QCSE 
(4.11) 

where Eg is the bandgap of the strained InAsP well layer; 8EQCSE is the energy shift due 

to QCSE of the internal field in the (111) quantum well structure [this value is zero for 

the (100) quantum well]. Another factor that should be considered in this calculation is 

the change of the exciton binding energy with an applied electric field. Variational 

calculations can yield a theoretical determination 19,25] of the exciton binding energy, 

but it changes only about 3 meV even when the field is as high as 100 kV/cm.[19] We 

therefore use a constant Eb (8.5 meV) as the exciton binding energy at zero field,[25] and 

deduct a constant amount (1.5 meV) to account for the change in the exciton binding 

energy under the electric field. 

4.3 Optical characterization techniques 

Various optical techniques were employed to resolve the excitonic transitions 

from quantum wells. This section describes photoluminescence (PL), PL excitation 

(PLE), absorption, and photo-modulated transmission (PT) spectroscopy. 

4.3.1 Photoluminescence measurements 

Photoluminescence spectroscopy is a sensitive and simple technique to 

characterize the optical quality of materials. By comparing the emission energy with a 

calculation for the energy levels, the alloy composition or well thickness of the structure 

can be deduced. Low-temperature PL measurements were carried out at 15 K in a closed- 

cycle cryostat. The samples were mounted to a cold finger in the vacuum chamber. The 
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Detector 

(a) 
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_L _l_ X _L 
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FIG. 4.6. (a) Schematic diagram of PL setup; (b) low-temperature PL spectrum taken 
from a 1.3 um modulator structure consisting of 30-period InAsQ 4P0 6(92 Ä)/ 
InP(138 Ä) MQWs. Sharp and intense peak is attributed to the heave-hole 
excitonic emission. The arrow in the figure indicates the calculated transition 
energy. 
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quantum-well structures were excited by the 5145-Ä line from an argon-ion laser with a 

typical pumping power of 10 W/cm*. The luminescence was collected in a back 

scattering configuration, focused into and dispersed with a 50-cm monochromator. The 

signal was detected by a thermo-electrically cooled Ge photodiode, and measured by a 

lock-in technique. The spectral resolution was approximately 2 Ä. Figure 4.6(a) shows 

the schematic diagram of the PL setup. 

Figure 4.6(b) shows a typical PL spectrum taken from a 1.3-|im modulator 

structure consisting of 30-period InAs^Po.^ A)/InP(138 A) strained MQWs. Very 

intense emission was observed, attributable to the first heavy-hole subband excitonic 

transition. The full-width of half maximum (FWHM) is about 5.5 meV, indicative of 

good lateral uniformity and vertical repeatability of this strained restructure. The 

FWHMs for lightly strained mAs^o.^ MQW structures emitting at 1.06 ^m at 

room temperature is typically 4 meV. These results are among the best ever reported for 

InASjPiVInP strained MQWs,[20] and even for lattice-matched In1./5axAsyP1yinP 

quanlm wells. The arrow shown in Fig. 4.7 is the calculated transition energy on the 

basis of the structural parameters determined from the x-ray rocking curve. We assumed 

the valence band offset ratio Qv=AEyAEgM since the emission energy is not very 

sensitive to this value. An excellent agreement was reached between the calculation and 

measurements. We will present our results for the Qv determination in the next section. 

4.3.2 Photoluminescence excitation measurements 

Photoluminescence excitation spectroscopy is a more sensitive optical technique 

to resolve transitions from higher excited states, even for a ^quantum well, but the 

measurement is usually carried out at low temperature to have enough luminescence 

intensity. Low-temperature PLE, performed at Oklahoma State University, was measured 

by using a tunable monochromatic light generated by a tungsten lamp anda32-cm 
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FIG. 4.7. (a) Schematic diagram of PLE setup; (b) PLE spectra taken at 15 K for two 
highly-strained InAsP/lnP MQW samples. Also shown are PL spectra 
measured at the same temperature. The labels refer to the identifications for 
spectral features and the vertical bars indicate calculated interband transitions 
using ßv=0.3. 
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monochromator, but the analyzing spectrometer was set to monitor the wavelength 

corresponding to the energy of the PL emission peak. The signal was again measured by 

a cooled Ge detector and the lock-in technique. A schematic diagram of the setup is 

shown in Fig. 4.7(a). 

Figure 4.7(b) shows the low-temperature PLE spectra from two highly-strained 

InAs Pi./InP MQWs. The structural parameters, determined from x-ray measurements, 

are given in the figure. The transitions from higher subband excitons can be obtained up 

to the 3rd order. The step-like density-of-state can be seen clearly from the background 

PL intensity between subband excitonic transitions. The vertical bars in the figure 

indicate calculated interband transitions. The assignment for various spectral signatures is 

based on calculations, and the transitions are labeled in the figure. The energy-level 

calculation was carried out using the envelope-function model as presented in the last 

section. The best fit to the transition energies in the spectra suggests that the valence- 

band offset ratio Qv=AEyAEg=0.3. Some more detailed discussion of the Qv 

determination will be given in the next section. 

4.3.3 Absorption measurements 

Absorption measurement is a very simple and powerful means for optical studies, 

but the sample should consist of many quantum wells to accumulate enough absorption. 

Absorption from higher subband excitons can be observed even at room temperature. 

Figure 4.8(a) shows a schematic diagram of the experimental setup. Absorption spectra 

were taken by measuring the transmission through the sample from a monochromatic 

light. The samples are usually polished from the backside to minimize light scattering 

through the structure; but it is not necessary to remove the InP substrate since it is 

transparent to interband excitonic transitions in the InAsP/InP quantum well. The final 
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spectra were corrected with calibrations to the intensity profile of the lamp and spectral 

responses of the grating and the detector. 

Monochromator 
Chopper 

Sample 
Detector 

Lamp 

(a) 

<o 

o 

1.0       1.1       1.2       1.3       1.4       1.5 
Wavelength   (micron) 

1.6 

(b) 

FIG. 4.8. (a) Schematic diagram of absorption setup; (b) room-temperature absorption 
spectra from three InAsP/InP strained MQW samples. Very sharp absorption 
peaks are obtained at 1.06, 1.3 and 1.55 um for these samples, respectively, 
indicative of the potential usefulness for optoelectronic devices. 
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Figure 4.8(b) shows the room-temperature absorption spectra from three 

InAs ?iJ InP MQW samples with different x in the ternary alloy. The structural 

parameters are listed in Table 4.2. It can be seen that sharp and strong absorption peaks 

appear at about 1.06, 1.3 and 1.55 \ua for these three samples, respectively. The 

composition control for these three samples was according to the in situ calibration 

technique described in Chapter 2. Absorption between higher excited states can also be 

seen, which suggests good sample quality even with the period number exceeding the 

critical value. The linewidth broadens with increasing As composition in the InAs^Pj^ 

quantum well. This may be due to the increased alloy scattering in the quantum well or 

strain relaxation for the very highly strained samples. 

Table 4.2. Description of the sample structures. 

Sample     x    LInAsP(Ä)  LInP(Ä)    Period   FWHM(meV)  Absorption(^m) 

HI06 0.60 78 144 15 7.0 1.55 

HI35 0.40 92 138 30 5.5 1.30 

HI32 0.20 92 138 30 4.0 1.06 

Figure 4.9 shows absorption spectra taken from Sample #HI35 at various 

temperatures. The absorption peak is sharper for lower temperature as a result of 

reduced thermal scattering. Furthermore, the transition energy increases when the 

temperature becomes lower because the band gap becomes larger. Shown in Fig. 4.10 is 

the transition energy from the first heavy-hole excitons as a function of temperature. The 

least-square fitting with Vashini' relation [Eg(T) = Eg(0) - ccT2/(T+9), where a and 9 are 

fitting parameters, see for example, Chapter 5, Heterostructure Lasers, by H. C. Casey, 
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Jr and M. B. Panish, (Academic, New York, 1978)] to the experimental data can well 

account for the temperature dependence of the bandgap. 
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FIG. 4.9 Absorption spectra taken from a 1.3 ^m modulator structure consisting of 30- 
period InAs^Poe^ A)/ InP(138 A) MQWs at various temperatures. The 
narrower absorption peak at lower temperature is due to reduced thermal 
scattering. The energy bandedge shifts to higher energy, resulting in an 
increase of transition energy at low temperature. 

Finally, another optical technique, which we call photo-modulated transmission 

(PT) spectroscopy,[26] was also employed. A He-Ne laser beam (~2mW) was used to 

modulate the dielectric constant of the material, and the transmission signal was detected 

from a monochromatic pump beam irradiated on the same spot. This is a very sensitive 

technique, similar to photoreflectance spectroscopy,[27] but the interpretation of the 

spectral signatures is much easier. Shown in Fig. 4.11 is a comparison of a PT spectrum, 
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a transmission spectrum and the first-order derivative of the transmission spectrum for an 

InAso2iPo.79 (10° k)/In? strained MQW structure taken at low temperature. It is 

apparent that the PT spectrum reveals the same information as the derivative of the 

transmission spectrum, yet PT is a more sensitive technique. Basically, the zero crossing 

of the PT signal gives the energies of subband excitonic transitions. 

50 100        150       200 

Tenrperatue (K) 

Fig. 4.10The energy of the le-lhh excitonic transition as a function of the measuring 
temperature. The curve through the data points is the calculated temperature 
dependence of the bandgap energy of InAso.4Po.6 interpolated from the known 
temperature coefficients of InAs and InP. 
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1.3 
Photon Energy (eV) 

FIG. 4.11. Comparison of (a) a photo-modulated transmission (PT) spectrum, (b) 
transmission spectrum and (c) the first-order derivative of a transmission 
spectrum for a InAso.2iPo.79 (iOO Ä)/InP strained MQW structure taken at low 
temperature. It is apparent that the PT spectrum reveals the same information 
as the transmission derivative, yet the PT is a more sensitive technique. 
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4.4 Optical property of (lll)B and (100) InAsP/InP strained quantum wells 

Specular surfaces for InAsP/InP strained MQW samples, as determined in 

Chapter 3, were obtained under optimized growth conditions on InP (lll)B substrates 

with 1" off to <110> direction. A typical structure consists of 15 periods of InASjPj.j- (80 

A)/ InP (120 A) strained MQWs. The structural parameters were extracted from the x-ray 

rocking curve measurement and computer simulation as demonstrated in the previous 

chapter. In order to understand the difference in optical properties between (111) and 

(100) samples, control samples on (100) substrates were grown consecutively to (lll)B 

structures. In this section, optical properties are discussed in a comparative manner for 

(lll)B and (100) quantum well structures. The samples (HB30 and HI70) are 15-period 

InAso2iPo.79(80 A)/InP(120 A) strained MQWs grown consecutively on (lll)B and 

(100) substrates under the same conditions. 

4.4.1 PL spectra 

Shown in Fig. 4.12 are PL spectra taken at about 15 K. The pump-power density 

was kept sufficiently low so that the screening effect by photo-generated carriers could 

be negligible.[10,27] The full widths at half maximum (FWHMs) are 5.5 and 9.0 meV 

for (100) and (111) MQWs, respectively, indicating a good crystalline quality and good 

periodicity of the MQW structure. The narrow line width also implies a good interface 

quality since both the well layer and the barrier layer were excited by the 5145-Ä laser 

line. These sharp and intense transitions are attributed to emissions from the first hh 

subband excitons. The emission from the (111) MQWs has as strong a peak intensity as 

that from the (100) MQWs. However, an internal electric field may exist in the (lll)B 

InAsP quantum well layer due to the piezoelectric effect. The high built-in field leads to 

a localization of electron and hole wave functions to different sites of the quantum well 

in real space. Considering the reduction of the oscillator strength due to the internal 
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electric field in (lll)B MQWs, we expect a higher PL emission intensity and narrower 

FWHM from (lll)B MQWs if an electric field is applied to balance the band tilting.[28] 

It is noteworthy from Fig. 4.12 that the emissions from (111) and (100) MQWs occur at 

approximately the same photon energy even though the built-in electric field and 

quantization for the (111)B MQWs would shift the emission to a lower energy. This will 

be discussed in a greater detail later. 

V) 
4-* 

"E 

xi 
«2. 
>. *-* 

"tö 
c 
o 

On (111) Substrate 

On (100) Substrate 

V*MV1>±J*&* 

960   980  1000  1020  1040  1060  1080 

Wavelength (nm) 

FIG. 4.12. Low-temperature PL spectra taken from two InAso.2iPo.79(80 Ä)/InP(120 Ä) 
strained MQW samples grown on InP (lll)B and (100) substrates, 
respectively. Comparable emission intensity was obtained from these two 
samples. The slight broadening of the emission peak from (111) MQWs may 
be due to the internal QCSE. 
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FIG. 4.13. Low-temperature absorption spectra from IIIASQ.2ipo.79(80 A)/InP(120 Ä) 
strained MQWs grown on (a) (100), and (b) (lll)B substrates. The different 
absorption behavior is believed to result from the internal QCSE in the (111) 
quantum structure. 

4.4.2 Low-temperature absorption spectra 

Low-temperature (-15 K) absorption spectra taken from these two samples are 

shown in Fig. 4.13. The higher subband excitonic emissions are well resolved for (100) 

MQWs as shown in Fig. 4.13(a). However, Figure 4.13(b) shows that the absorption 

from (lll)B InAsP/InP strained MQWs is remarkably different. First, the le-lhh 

excitonic absorption is hardly observable. [The peak should be around the position 
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indicated by the arrow in Fig. 4.13(b)]. This is attributed to the loss of the oscillator 

strength in exciton absorption arising from a reduction of the overlap integral for a tilted- 

bandedge quantum well. [7] This phenomenon reflects the significance of QCSE in 

modulating the absorption coefficient in optical modulator operation. [1,19] Second, 

transmissions from higher excited states have different energy positions compared to 

those of (100) quantum wells. The difference will be explained later when we discuss 

PLE spectra and a model calculation. In addition, absorption from higher subband 

excitons are even more intense than from the le-lhh absorption, as shown in Fig. 

4.14(b). This happens because the reduction of oscillator strength under an electric field 

is less severe for higher subbands. The lower reduction of the oscillator strength 

correlates with the much smaller energy shift for higher subbands as shown in Fig. 4.5. 

Finally, the bandedge absorption of InP (111)B layer occurs at a higher energy, which we 

do not understand at present. 

4.4.3 PLE spectra and valence band offset determination for (111) heterostructures 

In order to resolve the transitions from higher excited states more clearly, low- 

temperature PLE measurements were performed. Shown in Figs. 4.14(a) and (b) are PLE 

spectra taken from the strained InAsP/InP (100) MQWs (Sample HI70) and (lll)B 

MQWs (Sample HB30), respectively. (PL spectra are shown in the same figures with 

dotted curves). Distinct transitions from the higher subband excitons can be observed. In 

addition, a very sharp peak appears adjacent to the first hh exciton transition for both 

samples. They are believed to be parity-forbidden transitions. [23] The selection rule may 

be somewhat relaxed owing to a built-in field or strain-induced band-structure 

modulation. We performed an energy-level calculation based on the structural parameters 

determined by x-ray diffraction and the models described in Section 4.2. For the (lll)B 

quantum well, the built-in electric field was calculated to be 53.8 kV/cm, which includes 



110 

1.2 

1.0 h 

2"     0.8 
c 
3 

■E      0.6 

2 
c 

0.4 

a     0.2 

0.0 

1.1 

J   'v_ 

-I I k. 

T = 10K 

...I        1        l 

1.2 1.3 1.4 
Photon Energy (eV) 

1.5 1.6 

(a) 

1.1 1.2 1.3 1.4 
Photon Energy (eV) 

1.5 
(b) 

FIG. 4.14. PLE spectra taken at low temperature from InAso.2ipo.79(80 A)/InP(120 A) 
strained MQWs grown on (a) (100) and (b) (lll)B substrates. Very distinct 
transitions from higher subbands, and parity-forbidden transitions are 
observed. The assignments for the transitions are based on an energy-level 
calculation from the envelope-function model and the effective well width 
model [for the (111) quantum well only]. The vertical bars indicate calculated 
results. 
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the piezoelectric field from Eq. (4.9) and a correction to the band bending of the undoped 

epilayer on the n+ substrate. The QCSE energy shifts for le and lhh levels at the field of 

53.8 kV/cm are calculated to be 1.8 and 8.1 meV, respectively, as shown in Fig. 4.4. We 

took Qv as the only adjustable parameter to calculate the transition energies. A self- 

consistent procedure was carried out to include properly the contribution from the QCSE 

energy shift in (111) MQWs. 
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FIG. 4.15. Energy difference between 2e-2hh and le-lhh, and between le-llh and le- 
lhh excitonic transitions calculated as a function of Qv. The best fit between 
experimental and theoretical results can be obtained for Qv ~ 0.3. 
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The differences in transition energies between higher exited state transitions and 

the le-lhh were calculated as a function of the Qv since the transition energy from the 

first confined levels, le-lhh, is not very sensitive to Qv. Figure 4.15 illustrates the 

theoretical and experimental results for energy differences of (2e-2hh)-(le-lhh) and (le- 

llh)-(le-lhh) for the (100) InAso^iPo^nP heterostructure. The best fit of the energy 

level calculation to the experimental spectra suggests that Qv for (100) InAs0.2iPo.79/InP 

heterostructure is 0.30. The result from a similar calculation for (lll)B 

InAs02iPo.79/InP heterostructure is 0.35. Vertical bars in Figs. 4.14 indicate the 

calculated transition energies. The peaks are assigned as various interband excitonic 

transitions according to the calculation. Excellent agreement between the calculation and 

experimental results is achieved. 

The determination of Qv for (100) InAsP/InP heterostructures was reported 

[20,21] by using different optical techniques. Our result is consistent with the results 

reported there. It should be mentioned that in determining Qv there is definitely an 

uncertainty, which is from both the experimental accuracy and the theoretical model. 

Although this uncertainty is believed to be larger than the difference in the Qv between 

(lll)B and (100) heterostructures, we can still extract the difference in optical properties 

through a comparative study because the samples were grown under the same conditions 

and had the same structural parameters and the same optical techniques and theoretical 

models were employed. 

It is interesting to note that a slightly larger value of Qv was obtained for the 

(lll)B heterostructure. This is believed to result from the strain dependence of the 

bandedge shift. As depicted in Fig. 4.2 the bandedge shift from the CB and hh VB in the 

(100) direction are 31.5 and 7.7 meV, respectively. On the other hand, these shifts in the 

(lll)B strained InAsP layer are 43.7 and 7.0 meV, respectively. It was reported that the 

band offset distribution was governed by the core levels of the constituent atoms in the 
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compound. [29] As a result, the band lineup for InAsP with respect to InP (not 

heterostructure) should be independent of the substrate orientation. The band structure of 

(100) InAsP/InP heterostructures have been studied substantially,[20,21] and the results 

are consistent with that determined here (ßv=0.30). From this and the fact that the strain 

leads to a larger reduction in the CB discontinuity for (lll)B InAsP/InP heterostructures 

than for (100), we should be able to determine the valence band offset of the (lll)B 

InAsP/InP heterostructure. Illustrated in Fig. 4.16 is the schematic diagram of the band 

lineup of strained InAsP layers grown on InP (lll)B and (100) substrates with respect to 

the bandedge of InP. The relative bandedge lineup of the (111) InAsP/InP heterostructure 

is obtained from Fig. 4.2. The Qv determined by this way for the (111) InAsP/InP 

quantum structure (-0.32) is in qualitative agreement with the result determined by the 

energy-level calculation (-0.35). 

Wang et al. reported[30] in 1986 a determination of the CB discontinuity of the 

GaAs/AlGaAs heterostructures grown on both (100) and (311) substrates by Hall 

measurements. They found that Qv does not depend on the substrate orientation. This is 

consistent with our findings here since the GaAs/AlGaAs is a lattice-matched material 

system, in which there is no strain-induced bandedge shift as in the InAsP/InP structure. 

Because of strain, Qv is slightly larger for InAsP/InP (111) structures than for (100). 

Now we compare the PL emission energy between spectra from (lll)B and (100) 

MQWs shown in Fig. 4.12. Competing effects govern the transition energies. On one 

hand, the quantization effect due to the lager hh effective mass and the QCSE shift would 

decrease the emission energy from (lll)B MQWs by approximately 2 and 10 meV, 

respectively. This would lead to a red shift of the PL peak spectrally; On the other hand, 

the same strain yields a larger bandgap increase (-13 meV) for (lll)B strained InAsP 

bulk layer than for a (100) bulk layer, as shown in Fig. 4.2. As results of these two 
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compromising processes, the emission energies are almost the same for (111) and (100) 

quantum wells as shown in Fig. 4.12. 
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FIG. 4.16. Schematic diagram of the band lineup for strained InAsP layers grown on 
(111)B and (100) substrates with respect to the InP layer. The energy reference 
of the InAsP bandedges is obtained from Fig. 4.2. 

4.5 Screening of piezoelectric field in (lll)B InAsP/InP strained quantum wells 

As discussed in Section 4.2, a built-in electric field exists in the strained (lll)B 

InAsP/InP heterostructure. In this section, we will demonstrate the existence of this field 

by low-temperature PL measurements. To ensure pumping uniformity in the quantum 
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well, the samples used in this investigation consisted of a single InAsP/InP QW, grown 

on a 5000-A thick InP buffer layer and capped with a 400-Ä thick InP layer. The 

epilayers were nominally undoped. The composition and layer thickness calibration were 

performed on an InAsP/InP multiple QW structure grown consecutively under the same 

conditions as the single QW sample. The structural parameters were extracted from a 

computer simulation to x-ray rocking curves for the multilayered structure (see Section 

3.5.3 for details). 

1.10 1.15 1-20 
Photon Energy (eV) 

1.25 

FIG 4 17 Low-temperature PL spectra taken from a (111) InAsP(100 Ä)/InP single QW 
under different pumping density. The PL peaks shift to higher energy and 
broaden in linewidth as the pumping density increases. 
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4.5.1 Low-temperature PL measurements at various pumping densities 

Photoluminescence measurements were carried out at about 15 K in the same 

setup as described before. The QW structures were excited by the 5145-Ä line from an 

argon-ion laser. The spectral resolution was approximately 1 meV. The pumping power 

ranged from 8 ^W to 200 mW by using neutral density filters, and the laser beam was 

focused to a spot with an approximately 100-nm diameter. Correspondingly, the 

pumping density ranged from 0.1 W/cm2 to 2.5 kW/cm2. 

Tilted Bandedge Flat Bandedge 

FIG. 4.18. Schematic diagram of the screening effect of the piezoelectric field by photo- 
generated carriers during PL measurements at high pumping power. A tiat 
band condition can be reached when the built-in field is screened entirely. 
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Figure 4.17 shows PL spectra taken from an InAso.28p0.72(100 A)/InP single QW 

grown on an InP (lll)B substrate under different pumping densities. The peak intensity 

was normalized for the sake of comparison. Sharp (FWHM-12 meV) and intense PL 

emission was observed at very low pumping density (-0.6 W/cm2), indicative of good 

optical quality of the sample. Increasing the pumping density shifts the PL peak to higher 

energy side due to the screening of the built-in piezoelectric field. This phenomenon was 

observed previously for GaSb/AlSb[31], InGaAs/GaAs,[28] and InGaAs/InAlAs[10] 

strained quantum structures. As shown in Eq. (4.9), the piezoelectric field is proportional 

to the shear component of the strain tensor in (lll)B heterostructures.[4,7] It was 

calculated to be 64 kV/cm for this highly strained InAso.28p0.72(100 A)/InP (eo-0.9%) 

QW, and the bandedges of both the quantum well and the barrier will be tilted, as shown 

in Fig. 4.18. The confined energy levels in the QW shifts down to the bottom of the QW 

due to QCSE.[19] When a high-density laser beam is irradiated on the sample, free 

electrons and holes are generated in both the well and the barrier layers. The photo- 

generated free carriers then diffuse and are quickly trapped in the QW, neutralizing some 

interface piezoelectric charges. As a result, the piezoelectric field is partially screened 

and the bandedge tilting becomes smaller. The confined energy levels will then shift back 

to higher energy; therefore, a blue energy shift is observed for the PL emission when a 

higher pumping power is applied. 

4.5.2 Field screening and blue energy shift 

Depicted in Fig. 4.19 is the energy shift as a function of the laser pumping 

density. The blue shift starts at about 6 W/cm2 pumping power, and is as large as 35 

meV at 2.5 kW/cm2. Moreover, the amount of the energy shift was found to depend on 

the pumping density exponentially. We do not understand this dependence at present. We 

ruled out, however, the possibility of the band filling effect, instead of the free-carrier 
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screening, for the energy shift since the same experiments performed on a control sample 

with the same structure grown on an InP (100) substrate showed negligible energy shift. 

A possible reason for the exponential dependence lies in complications of the pumping 

situation for both well layer and barrier layer. An excitation with an energy between the 

InP and InAsP bandgaps may help in resolving this puzzle. 
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FIG. 4.19. Emission energy shift as a function of the pumping density for a highly 
strained InAsP (100 Ä)/InP QW with a lattice-mismatched of eo~0.9%. The 
energy shift is as high as 35 meV when the sample was pumped with a very 
high density. 
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FIG. 4.20. The FWHM of the PL peaks measured from for an InAsP/InP strained 
quantum well as a function of the pumping density. 

Another noteworthy point in the spectra in Fig. 4.17 is the broadening of the PL 

peaks with increasing the pumping density. Figure 4.20 shows the FWHM as a function 

of the pumping density for this sample. A narrower linewidth is expected for the 

emission under a smaller built-in field (or higher pumping power) since the lower electric 

field reduces less the overlap integral. [19] However, increasing the pumping power 

produces more hot carriers, resulting in broader FWHM. This broadening observed could 

be partially from the nonuniform intensity distribution of the laser spot on the sample. If 

the same experiment is performed on a strained quantum well with a very small strain in 
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the quantum well layer, where the piezoelectric charge density is very small, the effect of 

field screening on the line width may be noticeable before the carriers become hot. 

Consequently, the linewidth of the PL peak may become narrower first at a medium 

pumping density, and then become broad again at a very high pumping density.[28] 
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FIG. 4.21. Emission energy shift as a function of the pumping density for a slightly 
strained InAsP (100 A)/InP QW with a lattice-mismatched of e0-0.65%. A 
saturation of the energy shift (-13.8 meV) indicates a flat-band condition. 
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4.5.3 Deduction of the valence band anisotropy 

Figure 4.21 shows the blue energy shift as a function of the pumping density for a 

InAso i9Po.8l(100 AyinP (eo~0.65%) single QW, which has a smaller built-in strain than 

the previous sample. The energy shift, starting at -1 W/cm2, is again dependent on the 

pumping power exponentially. When the pumping density increases to -120 W/cm2, 

however, the energy shift saturates at a value of -13.8 meV. When the sample is pumped 

with even higher density the PL linewidth broadens, but the photon energy remains the 

same. This saturation indicates that a flat-band condition is reached. This is a clear 

evidence of the existence of the piezoelectric field in strained InAsP/InP (111) QWs, and 

a direct measurement of the piezoelectric field-induced energy shift in the QW structures 

due to QCSE. We can deduce the heavy-hole effective mass of the InAsP [111] layer 

from this experimentally determined energy shift (AEQCSE), 13.8 meV, which results 

from changes in the electron level (AEle), the heavy-hole level (AElhh), and the exciton 

binding energy (AE^), i.e., 

A£^=A£,,+ A£1WI+A£6. (4.12) 

We assume a priori that the (111) InAsP/InP heterostructure possesses the same valence 

band offset ratio as the (100), i.e. ßv=0.3. The lowest confined electron level, EJe, is 

calculated by using an envelope-function model with the known electron effective mass, 

as discussed in Section 4.2. From Eq. (4.9) the built-in piezoelectric field equals 44.4 

kV/cm for InAso.i9Po.8i- By employing an "effective well-width" model[19] for QCSE- 

induced energy shift, AEle was determined to be 2.1 meV. AEb was taken to be 1.5 

meV.[19] Deducting these amounts from Eq. (4.12), we obtain AElhh to be 10.2 meV. 

Then a best-fit calculation was performed to determine mhh. The hh energy EJhh was 

calculated by assuming an initial value of the effective mass, m*(i). Then AElhh was 

calculated for an electric field of 44.4 kV/cm. This value was compared to 10.2 meV, the 
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experimentally determined value. An iteration of m*(i) gives a final, consistent output of 

m' =l.2m, where m„ is the free electron mass. This result agrees with the theoretical 

results reported by Lawaetz,[17] and furthermore suggests a large anisotropy of the 

valence band in the (111) InAsP layer since m^ = 0.52mo for (100) InAso.19Pn.8i- A 

more rigorous calculation may better account for various effects, but this calculation is a 

good approximation since most of the QCSE shift results from the shift of the heavy-hole 

energy level. 

4.6 Conclusion 

In summary, we have presented optical properties of InAs^./InP strained 

quantum wells by various optical techniques, including PL, PLE, absorption and photo- 

modulated transmission measurements. Intense and sharp excitonic transitions were 

clearly resolved from the InAs^P^nP quantum wells grown on both InP (lll)B and 

(100) substrates, suggesting the viability of InAsP/InP MQWs for 1.06, 1.3 and 1.55 ^m 

optoelectronic device applications. Low-temperature PL, absorption and PLE 

measurements all suggest excellent optical quality of these samples. Optical transitions 

from higher subband excitons and parity-forbidden transitions were observed. A detailed 

model calculation considering the effects of strain, VB anisotropy, piezoelectricity, and 

QCSE was carried out. An excellent agreement between the calculation and experimental 

results was achieved, and the VB offset ratio was determined to be 0.30 and 0.35 for the 

InAso 2iPo.79/InP heterostructures grown on InP (100) and (lll)B substrates, 

respectively. This study provides a better understanding on the dependence of the band 

offset ratio upon the substrate orientation, and on the difference of the quantum-size 

effect. The free-carrier screening effect was observed for strained InAsP/InP single 

quantum wells grown on InP (lll)B substrates. A flat-band condition was identified 

from the saturation of the blue energy shift in PL spectra with increasing pumping 
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density. From the measured QCSE energy shift and the model calculation, the heavy-hole 

effective mass is deduced, which is consistent with theoretical results. 

The optical characterizations also indicate that we have successfully synthesized, 

on InP (lll)B substrates, a state-of-the-art InAsP/InP strained MQW structure, which is 

a promising material system for the realization of nonlinear optical devices in the long- 

wavelength region by the use of the internal field and the unique electro-optic property of 

the carrier-screening of the internal field. 
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Chapter V 

Electrooptical Properties of (100) InAsP/InP Strained Quantum Wells 

5.1 Introduction 

Optoelectronic devices operating at 1.3 |xm wavelength are of great importance 

for long-haul fiberoptic communication due to minimum dispersion at this wavelength 

for several varieties of optical fibers.[l] An external optical modulator can provide a high 

bit-rate, low noise and large-depth light modulation.[2] Furthermore, a waveguide 

modulator is used to confine the optical beam over an arbitrary interaction length. The 

usual structures for 1.3 |im emission can be realized by InGaAsP/InP[3] or 

InGaAlAs/InAlAs[4] quantum well structures lattice-matched to InP substrates, but the 

composition control of the quaternary layers can be difficult, particularly when a specific 

absorption wavelength has to be obtained. The quaternary-alloy quantum-well layer also 

possesses a high level of alloy disorder. [5] Moreover, the Al-containing compound has a 

problem of deterioration of the cleaved facets due to oxidization. 

On the other hand, optoelectronic devices operating at 1.06 |im wavelength are 

also important for various optical information processing systems under development. An 

important device is the quantum well p-i-n diode optical modulator. If two-dimensional 

arrays of surface-normal modulators are used, the information processing capability can 

radically increase the aggregate information flow. These systems will require large 

amounts of optical powers with high spectral and spatial quality. It is not clear that 

semiconductor diode lasers can supply this power. A strong alternative is the Nd:YAG 

laser operated at 1.06 ^m. Recent advances in diode pumping of solid-state lasers have 

resulted in making these lasers an efficient and compact source of coherent radiation. To 
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date, the requirement at this wavelength is satisfied by using lattice-matched InGaAsP/ 

InP,[6] highly strained InGaAs/GaAs,[7] and strain-balanced InGaAs/GaAsP multiple 

quantum wells (MQWs).[8] 

Strained InAs^./lnP quantum structure has been demonstrated to be an 

alternative material system to the quaternary layers for the spectral region of 0.98-1.5 

Hm.[9] An independent control of the layer thickness and alloy composition can be 

achieved for InAs^P^ in gas-source molecular beam epitaxy (GSMBE).[10] The alloy 

composition for this compound can be determined in situ easily in GSMBE.[11] 

Recently, it was demonstrated that the 1.06 ^m modulator could be fabricated from 50 

periods of InAso.19Po.8i/InP MQWs,[12,13] which are less strained (-0.7%) than the 

InGaAs/GaAs system (-1.8%). Improved performance over 1.06 um InGaAs/GaAs 

modulators has been achieved. However, to obtain a sufficient contrast ratio, the surface- 

normal modulator has to be made in a Fabry-Perot cavity[14] or use many periods of the 

MQWs. The number of periods will be a limiting factor for implementing strained 

MQWs. For waveguide modulator applications, on the other hand, a smaller number of 

periods (typically 10-15) of absorbing layers are needed so as to keep the intrinsic region 

thin enough for low driving power operation. Therefore, the large lattice mismatch in 1.3 

jim InASjP^nP MQWs may not be a stringent problem, and the InAs^P^ layer 

thickness and the MQW period number can be kept within the pseudomorphic limit. 

In this chapter, we will present electroabsorption (EA) properties of 1.06 and 1.3 

Urn modulators using strained InAsP/InP MQWs. The quantum confined Stark effect 

(QCSE) is clearly demonstrated by the absorption peak shift and the change of the 

absorption coefficient. The impact of the structural degradation as examined by cross- 

sectional transmission electron microscopy (XTEM) on the EA property is presented. 

Excellent electrooptical properties are obtained, for the first time, from a 10-period 
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InAs0.4iPo.59(100^)/ InP(150Ä) MQW structure, which can be used as the core absorber 

of a 1.3 \im waveguide modulator. 

This chapter is organized as follows. In Section 5.2, the theoretical and 

experimental background of EA study will be presented. In Section 5.3, the EA and 

photocurrent property will be discussed for two typical modulator structures operated at 

1.06 and 1.3 (xm, respectively. Section 5.4 follows as a correlation study of the 

electrooptical property with the structural property. 

5.2 Device principle, fabrication, and measurement 

5.2.1 Quantum-confined Stark effect and effective well-width model 

The electronic states in a quantum well can be modulated significantly under an 

external perturbation, such as an electric field,[15] magnetic field,[16] and hydrostatic 

pressure.[17] The operation of optical modulators is based on the change of optical 

properties in a moderate electric field due to QCSE.[18] When an electric field is applied 

along the quantum well plane, the effect is mostly carrier heating and consequent exciton 

dissociation.[18,19]. However, the bandedge will be tilted by an electric field applied 

across an intrinsic quantum well, as shown in Fig. 5.1(a). This results in a significant 

modulation on the band structure. (1) The quantized energy levels in the quantum well 

will shift down towards the well bottom as a result of the Stark effect, namely a red 

energy shift of a charged particle in an electric field. (2) The wavefunction for electrons 

and holes will be localized at the opposite sides of the quantum well. This leads to a 

reduction of the overlap integral, and therefore a decrease of the exciton oscillator 

strength. (3) Carriers may penetrate into or tunnel through the barrier layer at a high 

field; consequently, the exciton can be ionized by the electric field.[18] For an absorption 

spectrum, as shown schematically in Fig. 5.1(b), the effect (1) causes a red energy shift 

of the absorption peak; (2), a reduction of the absorption intensity; and (3), a broadening 
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+ Field 

C3 

(a) 

Wavelsngth (A) (b) 

FIG. 5.1. (a) Schematic diagram of electroabsorption effect in MQWs. The left figure 
shows quantum wells formed by conduction and valence bandedges. The 
energy levels of the ground states for electrons and holes are shown, along 
with the wavefunction envelopes. The right figure shows these items when an 
electric field is applied perpendicular to the quantum well layers, (b) 
Schematic diagram of the absorption spectra from the corresponding quantum 
wells with and without field. Changes of the absorption energy, intensity and 
the line shape are due to QCSE 
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FIG. 5.2. Universal curve for the energy of the first confined state in an infinite quantum 
well in the presence of a uniform electric field perpendicular to the well. The 
variables are energy and electric field normalized to those of the ground state. 

of the absorption peak. The effects (2) and (3) can be modeled qualitatively,[20] but it is 

not easy to simulate the experiments accurately since these properties strongly depend on 

the material quality. On the other hand, the change in energy levels under a vertical 

electric field has been accounted for by several theoretical models. The perturbation and 
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variational[21] models are generally good for low-field region, but a significant 

discrepancy appears when the field is high. The tunneling-resonance and "effective well- 

width" modelst 18] were shown to be very effective in determining the energies. The 

basic concept of the effective well-width model was described in Chapter 4 already, and 

will not be repeated here. Basically, the Schrödinger equation is reduced to a standard 

nonlinear second-order differential equation, and its solution is a combination of Airy 

functions. By applying the boundary conditions, the electric field dependence on the 

energy levels can be solved numerically. Figure 5.2 shows the normalized energy (to the 

first confined energy level, £0) as a function of the normalized field (to F0=EJeLz). This 

curve is universal, and can be applied to any quantum structure by simply de-normalizing 

the field and energy by calculating F0 and E0 for the real quantum well structure^ 18] 

5.2.2 Device processing technology 

In order to apply a reverse electric field, a diode structure must be fabricated for 

the p-i-n structure. A transmission window is formed for EA or photocurrent (PC) 

measurements. A typical device structure and its ring-shaped p-layer ohmic contact are 

shown in Figs. 5.3(a) and (b), respectively. The flow chart for device processing is 

shown in Fig. 5.4. To reduce the scattering loss of the transmission light, the sample is 

polished on the backside by mounting the sample on a lapping chuck and then 

mechanically polishing with alumina powder on a lapping/polishing machine. After 

degreasing with organic solvent, we evaporate AuGe(2000 Ä)/Ni(100 A) n-type contact 

strips, which are defined by photo-lithography, on the backside of the /i+-InP substrate. 

The sample is subsequently annealed at 400 "C for 30 sec in a forming gas to ensure a 

good ohmic contact. Then a second lithography is performed to define a ring-shaped 

contact area for the front side of the sample. The inner diameter of the ring is 200 \im for 

the probing light beam. Thep-type non-alloyed, non-spiking contact metal, consisting of 
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\T 
n - InP Substrate 

) Mayer (7000 Ä) 

• »■«'ll.iiMi«'."".M»p— 

AuGe/Ni (a) 
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FIG. 5.3. (a) Schematic diagram of the cross section of a p-i-n ring diode consisting of 10 
periods of InAsP/InP strained MQWs in the intrinsic layer region, (b) The top 
view for the /?-type ohmic contact of a ring diode. 
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Lapping and polishing the sample 

U 
Photolithographic patterning for n-contact stripes | 

Jl 
Evaporation of AuGe/Ni on n+ substrate, lift-off, and subsequent furnace annealing 

Second photolithographic patterning forp-contact rings 

Evaporation 

 U ——, 
of Au(Zn)/Cr on p-type cap layer (no annealing) and lift-off | 

U 
Third photolithographic patterning for mesa etching and hardbaking 

Nonselective wet chemical etching through the intrinsic region | 

Ji 
Mapping I-V characteristics 

Bonding devices to a package 

FIG. 5.4. How chart of the processing procedure for fabricating p-i-n ring diodes. 
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2000 A AuZn (or Au) on top of 100 A Cr, is then evaporated by a thermal evaporator. 

Chromium improves the adhesion of Au and also serves as a barrier to zinc diffusion. 

After lifting off the evaporated metal, a third lithography defines a 500 }im diameter 

diode mesa around the /Hype ring contact pattern. Wet chemicals are used to etch a 3 \im 

high mesa. The solution of (Br:HBr):H20 in a content ratio of (1:17):30 provides a 

nonselective etching of both InP and InAsP with an etching rate of approximately 1 

jim/min. At the mesa edge the etching trench is deeper by about 35%, as seen from the 

Dektak profile across a diode mesa. This may lead to a better isolation for the mesa. 

IF 
(uA) 

20.00 

4.000 
/div 

-20.00 
-19.80 

j  i 

VF 2.200/div  ( V) 
.0000 

FIG. 5.5.1-V curve for a 1.3 urn InAsP/InP strained MQWs p-i-n diode modulator. Sharp 
turn-on under forward bias and hard breakdown under reverse bias suggest 
good electrical characteristics. 
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An I-V mapping for all the ring-diode modulators are carried out using a curve 

tracer. Typically, the device shows a sharp turn-on at about 2V and hard breakdown at 

>10 V for an intrinsic layer thickness of 7000 A. Figure 5.5 depicts a typical I-V curve 

from a ring diode. This suggests a good electrical characteristic, such as good uniformity 

of the electric field in the intrinsic layer. The p-i-n diodes are also evaluated by C-V 

measurements. The result shows a -3xl015 cm"3 n-type background in the intrinsic layer 

region. 

5.2.3 Electroabsorption andphotocurrent spectra 

Electroabsorption measurements are performed in the same absorption setup as 

illustrated in Fig. 4.6. Devices are soldered and wire bonded to a package. The reverse 

bias (negative to the p contact) is provided by a DC voltage supply. A ^lA meter is 

connected in series in the circuit to monitor the leakage current, which is typically less 

than 20 jiA in the measured modulation voltage range. The alignment of the device in the 

optical path is made by adjusting x-y-z positions of the device while monitoring the 

photocurrent (PC) extracted from the device. The maximum PC indicates an optimal 

alignment of the device position. The transmission through the ring diode is normalized 

to the transmission from a bare InP area on the same wafer, where the MQW is etched 

out. We have fabricated several MQW modulators with different structural parameters 

and good EA property. Photocurrent spectra can be an alternative technique to EA with 

the same setup. 

Since there is no antireflection (AR) coating for the sample surface, interference 

fringes are observed for some devices with thick layers. This makes the determination of 

the residual absorption very difficult. A special normalization procedure, however, can 

solve this problem.[4] The EA and PC spectra are taken consecutively from the same 

device with an identical alignment. Because the PC signal [I(k)] is related to the 
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transmission [T(k)] by I(K) = A(K)[l-T(X)] at zero bias, the factor A(k) can be determined 

at the absorption peak X0 by correlating the EA spectrum with the PC spectrum. After 

assuming that the A(K) is independent of the wavelength in a narrow spectral range 

around the absorption peak, the transmission spectrum can be normalized from the PC 

spectrum through the factor A(K) in the whole spectral region. The normalized 

transmission at zero field is designated as T/K). The interference effect for transmission 

spectra under reverse biases, T^X), can then be canceled out by taking 

#(A)= r{X)-TN(\)IT{\), (5.1) 

as normalized transmission spectra with biases. Spectral features were found to be the 

same as those measured from the devices with AR coating,[4] provided that the 

normalization is made in the vicinity (±100 meV) of the absorption peak, suggesting the 

viability of this normalization procedure. The EA spectra discussed in this chapter are 

shown in terms of the absorption coefficient (a) by 7= T0exp(-aL), where L is the total 

thickness of the absorbing layer only, i.e., the thickness of the well layers. 

5.3 Electroabsorption at 1.06 and 1.3 \im 

5.3.1 InAsxPj./InP MQWsfor 1.3 {im waveguide modulators 

The modulator samples are grown with an elemental In source and thermally 

decomposed hydride gas sources (AsH3 and PH3) from two separate gas injectors in a 

GSMBE system. The detailed growth conditions and composition control have been 

presented in Chapters 2 and 3. The sample structure, as shown in Fig. 5.3(a), consists of 

10 periods of InAso41P0 59(100 Ä)/ InP(150 A) MQWs in the middle of a 7000-A-thick 

intrinsic region, on a S-doped /i+-InP (100) substrate and capped with a 3000-Ä-thick 

Be-doped (lxlO18 cnr3)/?-type contact layer. A calculation of the critical layer thickness 

suggests that the strained InAso.41Po.59 quantum wells can be grown within the critical 
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limit for the layer thickness and period number of the MQW used in this work (see Figs. 

3.1 and 3.2). The structural parameters are determined by x-ray rocking curves and 

computer simulations. Devices are fabricated after characterizations by absorption and 

low-temperature PL measurements. 

1400C-N 

12000  12500  13000  13500  14000  14500  15000 

Wavelength (Ä) 

FIG. 5.6. EA spectra taken at various reverse biases for a 1.3 ^m modulator structure. 
The sharp excitonic transition shows a significant red energy shift, a reduction 
of the absorption intensity, and a broadening of the linewidth due to QCSE and 
field ionization effect. 
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FIG. 5.7. Energy shift from the heavy-hole excitonic absorption as a function of the 
electric field across the quantum well. The calculated results are illustrated for 
the shift of electron (dashed curve) and heavy-hole (dotted curve) subbands, as 
well as for the energy of excitonic transitions (solid curve). A good agreement 
between theoretical and experimental (solid circles) results is obtained. 

Shown in Fig. 5.6 are room-temperature EA spectra taken at various applied 

reverse biases. The absorption from the first heavy-hole subband exciton at zero-external 

bias shows a sharp peak with a half width at half maximum of 8.9 meV, indicative of 

good optical quality of this highly strained (-1.3%) MQW sample. The absorption 

coefficient is normalized to the total thickness of the quantum well layer (1000 Ä). This 
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may be different from other Conventions for spatial-light modulators in normalizing the 

absorption coefficient. [2] Several characteristics can be identified from the spectra shown 

in Fig. 5.6. First, the absorption peak shifts to lower energy with applying an electric 

field due to QCSE for excitons in the quantum wells. An additional feature is observable 

at the higher energy shoulder, which is believed to be from a parity-forbidden transition 

under the electric field. Second, the absorption intensity decreases with increasing the 

electric field across the quantum wells as a result of the reduction of the exciton 

oscillator strength as discussed in the last chapter. Finally, the absorption peak becomes 

broader under high field because the excitons are field-ionized. 

Figure 5.7 shows the energy shift (solid circles) measured from the EA spectra in 

Fig. 5.6 as a function of the applied electric field. The uncertainties in determining the 

peak positions for broad peaks are given in Fig. 5.7 with error bars. The field is corrected 

for the inherent band bending in thisp-wi structure. Since the conduction bandedge for 

/!+ InP and the valence bandedge for p-InP are very close to the Fermi level at 

equilibrium, the built-in field was calculated to be -19.3 kV/cm (1.35 V across the 7000- 

A-thick intrinsic layer). This is evidenced by an EA measurement at a small forward bias 

(IV), which gives a small blue shift (-1.2 meV). We obtained a large energy shift up to 

52 meV for a field of 160 kV/cm (10 V external reverse bias). Employing the physical 

constants provided in Table 4.2 and the recently determined band discontinuity (see Ref. 

22 and Chapter 4), we carried out a calculation based on the effective well-width model 

for the energy shift in the InAso.4iPo.59ÜOO AV InP(150 A> MQWs- ™ustrated in FiS- 

5.7 by the dashed and dotted curves are the calculated energy shifts from the first 

electron and heavy-hole subbands, respectively. The solid curve gives the energy shift for 

the excitonic transition, where we neglected the change of the exciton binding energy 

under the electric field since it changes only about 2 meV in this region of the electric 

field.[18] We obtained a good agreement between the experimental and theoretical 
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results. The experimental results show a generally 2-3 meV larger shift than the 

calculation. If we take into account the change of the exciton binding energy, the 

discrepancy is even larger (4-5 meV). This discrepancy is not well understood presently. 

One possibility is that an effectively wider quantum well resulting from the interface 

diffusion probably exists and leads to a larger energy shift since the QCSE energy shift 

varies as the fourth power of the well width [Eq. (4.10)]. 

This large energy shift, e.g., -18 meV at an external field of 57 kV/cm (4 V bias), 

is very desirable for low-power operation of the waveguide modulator. This energy shift 

is also remarkably larger than those from InGaAsP/InP[3] and InGaAlAs/InAlAs[4] 

systems. A reason for the superior EA property from InAsP/InP MQW modulators may 

be due to the smaller valence band offset. The bandgap discontinuities for these three 

heterostructures are about the same, but the distribution of this discontinuity to the 

valence band is significantly different, being about 60% for InGaAsP/InP and InGaAlAs/ 

InAlAs,[23,4] and -30% for InAsP/InP (Ref. 22 and Chapter 4). From the discussion in 

Section 4.2.3, the smaller confined energy resulting from a shallow quantum well will 

yield a larger QCSE energy shift. Therefore, we may attribute the remarkably large shift 

from the InAsP/InP modulator to the comparatively smaller valence band discontinuity. 

In Fig. 5.8(a), we show the change of the absorption coefficient (Aoc) as a 

function of the detuning energy with respect to the absorption peak at zero bias. Aoc can 

be as large as 4000 cm-1 with a detuning energy of 20 meV. The wide range (about 

20-55 meV) of the effective absorption modulation enables the modulator to operate in a 

wide range of the voltage swing. The maximum Act at the absorption peak position, 

however, is not useful for waveguide modulators because of a large residual absorption 

(cc0) at this position. Large Aa can also be obtained with a relatively low voltage that is 

important for low-power applications. A more direct figure of merit is the ratio Aoc/cc0. 

Shown in Fig. 5.8(b) is Aa/a0 as a function of the detuning energy. From Figs. 5.8(a) 
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and (b) we can see that a condition with Aa/a0>5 can be achieved with a 22-meV 

detuning and the corresponding Ace can be as large as 3510 cm"1; or Acx/ao>10 with a 

detuning of 28 meV with Acc~2780 cnr1. Compared to the best published results 

achieved from InGaAsP/InP[3] and InGaAlAs/InAlAs[4] MQWs for 1.3 urn modulators, 

our results show that InAsP/InP, which can be grown more readily, has superior EA 

property. 

-20 
■  i—i—i—■—■—■—>—'—■—*- 

0 20 40 60 
Detuning Energy (meV) 

80 

FIG. 5.8. (a) Change of the absorption coefficient as a function of the detuning energy 
with respect to the zero-field excitonic absorption; (b) Aa/a0 as a function of 
the detuning energy. Both Ace and Aa/a0 have to be maximized for waveguide 
modulator applications. 
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For waveguide modulator application, another important figure of merit is 

Aa/F2,[24] where F is the applied field. A large magnitude characterizes a large 

modulation depth with a small driving power. A dependence of Aoc/F2 on the detuning 

energy is shown in Fig. 5.9 for various Aa/oc0 values. This result is significant for InAsP/ 

InP waveguide modulators compared to other material systems. [4] A study of waveguide 

modulator using InAsP/InP strained MQWs is underway. 
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FIG. 5.9. Aa/F2 as a function of the detuning energy with various Aoc/oc0. A large 
magnitude of Act//72 represents a high modulator depth with a small driving 
power. 
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5.3.2 Optical modulators at 1.06 \xm 

A number of 1.06 ^m InAsP/InP MQW modulators show good EA property. The 

specific structure being discussed in this section is grown on a S-doped n+-InP substrate. 

Following an /i+-InP buffer layer growth, a 30-period InAso.igPo.siüOO Ä)/ InP (120 A) 

strained MQW structure is sandwiched between 2000-Ä thick undoped InP intrinsic 

layers, making the total intrinsic layer 10600 A thick. The structure is then capped with a 

3000-A thickp-doped (lxlO18 cm'3) InP layer. 
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FIG. 5.10. Electro-absorption spectra taken at various reverse biases for a 1.06 um 
InAsP/InP strained MQW modulator. The sharp excitonic transition shows a 
significant red energy shift, a reduction of the absorption intensity, and a 
broadening of the linewidth due to QCSE and field ionization effect. 
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FIG. 5.11. Energy shift from the heavy-hole excitonic absorption as a function of the 
electric field across the quantum well for an InAso.i9Po.8i(100 A)/InP (120 A) 
MQW structure. The calculated results are illustrated for the shift of electron 
(dashed curve) and heavy-hole (dotted curve) subbands, as well as for the 
energy of excitonic transitions (solid curve). A good agreement between 
theoretical and experimental (solid circles) results is obtained. 

Figure 5.10 shows typical EA spectra with various reverse DC biases taken at 

room temperature. The red energy shift and the large change of the absorption coefficient 

are attributed to QCSE discussed in the last section. The energy shift of the absorption 
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peak is illustrated in Fig. 5.11. Again the calculation was based on the effective well- 

width model. An even larger energy shift, e.g., -20 meV shift in contrast to -15 meV for 

a 1.3 urn modulator at a field of 80 kV/cm, is predicted. This is the direct result of the 

smaller confined energies of electrons and holes in a shallower well, compared to the 

quantum well in a 1.3-^m modulator, as discussed in Section 4.2.3. The energy shift 

from EA spectra are also shown in the same figure by considering the internal built-in 

field as described in the last section for the 1.3 ^m modulator. The uncertainties in 

determining the absorption energy are given by vertical bars. An excellent agreement is 

obtained for the field smaller than 80 kV/cm, but a discrepancy arises at the field of 

-86.6 kV/cm (8 V external bias), probably from the exciton dissociation at the high 

electric field. 

For spatial light modulators used in optical processing, an important figure of 

merit is the contrast ratio (CR) defined by 7(V)/T(0) in the positive contrast region and 

7(0)/r(V) in the negative contrast region, where T denotes the transmission intensity. 

Shown in Fig. 5.12 is AT/T = CR-1 as a function of the wavelength. A -12% change in 

the relative transmission can be achieved at 1.06 um with a 10V applied bias. However, a 

more significant contrast is desirable for device applications. A drastic increase of CR 

can be obtained by embodying this MQW structure in a Fabry-Perot cavity to facilitate 

multiple light passes[14] or by growing more quantum wells. The latter method, 

however, sacrifice the structural quality due to strain relaxation. Misfit dislocations will 

be generated in the strained MQW region when the number of periods is beyond a 

critical limit, and a high dislocation density can be expected if a larger number of 

quantum wells are grown. Recently, Woodward et a/.[13] demonstrated that a strain- 

balanced InAsP/InGaP MQW structure shows an improved EA property. The built-in 

compressive strain can be balanced by the tensile strain in the InGaP layer so that the 

MQW structure can be grown, in principle, with an infinite number of periods. This 
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InAsP/InP material system is more satisfactory for 1.06 ^im spatial-light modulators than 

the InGaAs/GaAs system. 

10200 10400 10600 10800 

Wavelergth(A) 

11000 11200 

FIG. 5.12. AT/T data taken at various modulation voltages for a 1.06 |im 
InAso 19P0 81(100 Ä)/InP (120 Ä) MQW modulator. 
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FIG. 5.13. XTEM micrograph for a 50-period InAso.39Po.6l(100 A)/InP (120 A) MQW 
structure for a 1.3 urn modulator. 

5.4 Effect of strain relaxation on electro-absorption properties 

As shown in the last section, InAsP/InP strained MQWs are excellent material 

system for 1.3 (im waveguide modulators when the strained layer is grown 

pseudomorphically. As presented in Section 3.2, the critical layer thickness imposes on 

the number of periods in a strained MQW. The calculation shows in Fig. 3.2 that 

pseudomorphic growth can be achieved with as many as 15 periods for InAs04P0.6(100 

Ä)/InP(100 Ä) structure. In this section, we will take a closer examination of the impact 
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FIG. 5.15. Change of the absorption coefficient from two 1.3 um modulators consisting of 
InAs0 39P0 6i(100 ÄyinP (120 A) MQWs (a) with 20 periods, and (b) with 50 
periods. Reduced Aoc compared to Fig. 5.8(a)] is observed for the structure with more 
number of periods, in which a more severe strain relaxation is expected. 
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of strain relaxation on the EA property of 1.3 Jim modulator structures. Devices are 

fabricated from three InAsP(100 Ä)/InP(100~150 A) MQW samples with 10-, 20-, and 

50-period quantum wells, respectively. From Fig. 3.2, the 10-period structure is 

pseudomorphic, and 50-period structure is relaxed, as shown by a micrograph of cross- 

sectional transmission electron microscopy (XTEM) in Fig. 5.13. There might be a 

partial relaxation in the 20-period structure. The excellent EA property for the 10-period 

MQW structure has been presented. Figures 5.14(a) and (b) show EA spectra from the 

20-and 50-period quantum well structure, respectively. Good characteristics of changes 

of absorption energy and absorption coefficient are obtained. Figure 5.15(a) and (b) show 

the respective change of the absorption coefficient as a function of the detuning energy 

for the 20- and 50-period structures. Compared with the Aoc for the 10-period structure, 

shown in Fig. 5.8(a), a reduction of the absorption coefficient is observed for 20-period 

modulator, and an even more significant reduction for the 50-period structure. 

Furthermore, the QCSE energy shift determined from the EA spectra is also compared 

with the theoretical calculation in Fig. 5.16. The solid and open circles are the results 

from these two samples. The energy shift is found to be smaller than that predicted from 

the calculation. This is in contrast to the result for the 10-period structure. Over all, we 

observed an increasing degradation of the EA properties for increasing the number of 

periods, therefore, increased relaxation in the structure. This is understood as follows. 

When the period number exceeds the critical limit, strain relaxation occurs. A part of the 

external electric field may be pinned in the defective area, resulting in a reduced electric 

field applied across the quantum well region. Therefore, a smaller QCSE energy shift is 

observed even with the same applied bias. This strain relaxation also leads to a reduced 

Aoc since the relaxed quantum-well area is not as absorptive as a perfect well. 
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FIG. 5.16. Energy shift of the absorption peak as a function of the electric field across the 
quantum well for a 1.3 ^m InAsP(100 Ä)/InP (120 Ä) MQW modulator. The 
calculated results are illustrated for the shift of electron (dashed curve) and 
heavy-hole (dotted curve) subbands, as well as for the energy of excitonic 
transitions (solid curve). Experimental results from a 20- and 50-period MQWs 
are denoted with solid and open circles, respectively. For the sake of 
comparison, the data for 10-period sample is also plotted with triangles. 

5.5 Conclusion 

We have discussed the electrooptical property of InAsP/InP strained MQW 

modulators,  grown  by  gas-source  molecular beam  epitaxy.   Electroabsorption  is 
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demonstrated, for the first time, for InAsP/InP strained MQWs for 1.3 |J.m modulator 

applications. Very sharp excitonic absorption at room temperature was observed. 

Electroabsorption measurements performed on a ring-shaped p-i-n diode, consisting of 

10-period InAso.4iPo.59(100 Ä)/InP(150 A) strained MQWs, reveal a significant red shift 

of the absorption peak with increasing reverse bias due to the quantum-confined Stark 

effect. The energy shift is well accounted for in the effective well-width model. The 

energy shift is found to be much larger than from 1.3-nm InGaAsP/InP and 

InGaAlAs/InAlAs MQW modulator structure under the same electric field. This is 

attributed to the smaller valence band discontinuity in the InAsP/InP quantum structure. 

The change of the absorption coefficient at a 22-meV detuning is as large as 3510 cm-1 

with a small residual absorption, which can be very useful for 1.3 |xm waveguide 

modulators. Our results show that this quantum structure can be a good alternative to the 

more complex quaternary materials, such as InGaAsP/InP and InGaAlAs/InAlAs 

quantum wells. The composition and thickness control, moreover, can be greatly 

simplified in growing InAsP. These excellent EA characteristics suggest that the 

InAsP/InP strained MQWs can be a promising material system for 1.3 \xm waveguide 

modulators. 

The viability of using the strained InAsP/InP MQW structure for waveguide 

modulator is further examined through a correlation of the EA property with structural 

properties of MQW structures with different period numbers. The result shows that the 

strain relaxation can degrade the EA property by having a reduced energy shift and a 

smaller absorption coefficient. An excellent EA property can be obtained if the MQW is 

grown within the critical limit, approximately 15 periods of InAso.4Po.6(100 A)/InP(100 

A) MQWs which are typically used as the core region of a 1.3 um waveguide modulator. 

Furthermore, the InAsP/InP strained MQW structure was also demonstrated for 

1.06 |im spatial light modulators. Even though the ease in composition control, and 
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larger QCSE energy shift are very attractive, the pseudomorphic growth of a large 

number of periods of the MQW can be a limiting factor to obtain a large enough contrast \ 

ratio for optical information processing. Strain balanced InAsP/InGaP MQW may be a i 
j 

better material system for this application purpose. I 
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by gas-source molecular beam epitaxy 
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A kinetic model has been developed to explain As and P incorporation behaviors in GaAs^P, 
epilayers grown on GaAs (001) by gas-source molecular beam epitaxy. The model can predict 
the P compositions for various substrate temperatures and flow rates. The model shows that an 
in situ determination of GaP molar fraction in GaAs^^ can be performed by group 
V-induced intensity oscillations of reflection high-energy-electron diffraction at low substrate 
temperatures where desorption of group V species is negligible. At high substrate temperatures 
the compositions can be determined from the arsine and phosphine flow rates. 

I. INTRODUCTION 

Mixed group V ternary and quaternary III-V com- 
pounds, such as GaAsP, InAsP, and InGaAsP, are impor- 
tant for optoelectronic applications. Various growth tech- 
niques, such as metalorganic vapor-phase epitaxy 
(MOVPE), molecular beam epitaxy (MBE), metalorganic 
MBE, and gas-source MBE (GSMBE) have been used to 
grow these materials.1-6 By GSMBE we mean using ele- 
mental group III sources and gaseous arsine and phosphine 
as the group V sources. One of the critical issues of grow- 
ing mixed group V compounds is the control of the group 
V compositions.7,8 Most researchers use post-growth char- 
acterization techniques, such as x-ray rocking curve mea- 
surements and photoluminescence spectroscopy, to corre- 
late the determined composition with growth parameters, 
such as flow rates or fluxes. 

Recently our group has developed an in situ technique 
of determining the P composition in GaAS[_,P, grown by 
GSMBE for *<0.4.8 The P compositions of GaAs!.^*, 
grown under normal MBE growth conditions (V/III in- 
corporation ratio > 1 and the growth rate is limited by the 
Ga flux) can be obtained in situ from the difference in the 
oscillation periods of the As- and (As+P)-limited inten- 
sity oscillations of reflection high-energy-electron diffrac- 
tion (RHEED) if the same flow rates and growth temper- 
atures are used.8 This is because group V-limited RHEED 
intensity oscillations are obtained on a Ga-rich surface. On 
such a surface at the substrate temperature used (about 
500 °C) the As incorporation rate is not affected by the 
presence of P. However, at higher substrate temperatures, 
both As and P desorb readily and there is a competition 
between As and P incorporation during the growth of 
GaAsP. Understanding this competition is the key to con- 
trolling the group V composition at any substrate temper- 
atures and flow rates. Even though several models have 
been proposed in recent years for determining the compo- 
sition of mixed group V ternary or quaternary compounds 
grown by MOVPE, MBE, and GSMBE,2'3,5 they cannot 
explain the agreement between the in situ determination of 
P composition in GaAs,.^ by group V-induced RHEED 
intensity oscillations and ex situ composition determina- 

tion by, for example, x-ray rocking curves. In this article, 
taking into account adsorption and desorption of group V 
elements on the growing surface, we propose kinetic mod- 
els for GSMBE of GaAs, .^P, in the group Ill-limited and 
the group V-limited growth modes, respectively. We estab- 
lish the temperature range where the in situ RHEED tech- 
nique can be applied. We then expand our discussion to 
determining the P composition in GaAs^jP* grown under 
a wide range of growth conditions. 

II. KINETIC MODELS 

In epitaxy, the growth rate and composition may be 
controlled by three different processes, mass transfer (i.e., 
beam fluxes), adsorption and desorption, and surface reac- 
tions. In MBE or GSMBE, for binary compounds like 
GaAs grown under normal growth conditions (substrate 
temperature, 7*„ between 450 and 650 °C, and growth rate, 
Rg, about 1 monolayer per second), the growth rate is 
expected to be limited by mass transfer. This means that 
surface reaction rates are much faster than the group III 
beam impingement rate. In this case the growth rate does 
not depend upon the substrate temperature. On the other 
hand, at much higher substrate temperatures the growth 
rate will be affected by desorption. The growth rate then 
will be sensitive to temperature variations. For mixed 
group III ternary compounds such as Al^Ga[_^As, the 
situation is almost the same as that of GaAs. Under nor- 
mal growth conditions, the growth rate and composition 
are controlled simply by the Al and Ga beam fluxes and 
their ratio, respectively. For mixed group V ternary com- 
pounds, however, the situation is quite different. Even 
though the growth rate is still controlled by the group III 
beam flux, the composition is affected by surface chemical 
reactions between group III atoms and group V species 
and adsorption and desorption of group V species on the 
growing surface. 

In our model of the MBE process, group V dimers 
(from a cracker in MBE or a gas cracker in GSMBE) in 
the gas phase first physisorb on the surface, in a so-called 
precursor state, then they are in a chemisorption state be- 
fore incorporation into the lattice. Because of the high va- 
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7IG. 1. Schematic diagrams of group V dimer adsorption and desorption 
eaction coordinates; (a) for a Ga-rich surface and (b) for a group V-rich 
ituation. Et is the activation energy for a group V dimer to desorb from 
ts chemisorption state; EK, and ED, the activation energies for a group V 
limer to change from a physisorption state to a chemisorption state and 
'ice versa, respectively; £b,V. the activation energy for group V elements 
o be incorporated into the lattice. 

jor pressures of As2 and P2, desorption is important and 
:an occur from both physisorbed and chemisorbed states, 
-lowever, on a Ga-rich surface, Ga atoms are abundant, 
ind the surface activity of Ga is thus unity. Therefore, once 
;roup V dimers arrive at the growing surface, they chemi- 
■orb immediately on the surface. Figure 1 shows the reac- 
ion coordinates for the two cases. 

\. Group Ill-rich surface 

The growth rate (Rg) of GaAsP on a Ga-rich surface, 
is obtained by RHEED intensity oscillations, is limited by 
he incorporation rates of As and P.9 We can write 

•Kg(GaArf>)=-R*(GaAs)+^*(G»P)- '   ' 

The desorption of group V dimers is mainly from chemi- 
;orption states, as shown below: 

356 J. Appl. Phys., Vol. 74, No. 1.1 July 1993 

FS Kc,v 
V2{g)^- ^(s-c) ► lattice, 

where KGi v is the incorporation rate constant; ev the de- 
sorption rate constant; V= As or P; F the beam flux; 5 the 
sticking probability; g the gas phase; and s.c. the surface 
chemisorption state. 

According to the mass action law, the net incorpora- 
tion (desorption) rate of As and P, Rg(Re), can be written 
as the surface activity, a,, where /=As or P, multiplied by 
the incorporation (desorption) rate constant: 

^S(GaAs) =^GaAsflAs > 

Rg(GaP) =^GaP°P» 

•K«(As) = eAsflAs» 

•R*(P) = ePflP- 

(2) 

(3) 

(4) 

(5) 

Under steady-state conditions, Rg=FS—Re, so we have 

aAi=(FS)As/{KGiM+eAs) 

and 

flp=CFS)p/(tfGap+ep). 

Thus, growth rates of GaAs and GaP can be written as 

RgiGiAs) = (FS)M/(l+etJKGtKs), (6) 

(7) **(GaP) = (FS)f/( 1 +eP/KGaP). 

Since the phosphorus composition (x) in the epilayer is 
determined by RHEED on a Ga-rich GaAs surface, 

x= 
Rg (GaAsP) ~rg(GaAs)     ^g(GaAs) +-Kg(GaP) ~ rg(GaAs) 

^S(GaAsP) •Kg(GaAs)+-^(GaP) 
(8) 

where r?(GaAs) is the As-limited GaAs growth rate in the 
absence of P2. In principle, the As incorporation rate into 
GaAs^jjP, will change upon injection of P2 due to dis- 
placement of As by P. Foxon et al reported a slight de- 
crease of the As4 sticking coefficient when P4 was injected 
during MBE of GaAs,_JPx.

7 The situation is similar if 
dimers are used. In our case, however, excess Ga atoms are 
deposited on the surface before the group V-limited 
RHEED oscillation measurements. Therefore, we can ex- 
pect the displacement of As by P is negligible. In short, for 
a group Ill-rich surface, the As incorporation rate is inde- 
pendent of whether P is present or not, at least for the low 
x range. Therefore, 2^<GaAs) and r*(GaAs) cancel out each 
other in Eq. (8). Substituting Eqs. (6) and (7) to Eq. (8), 
we obtain 

 1     
X~ 1 + [ (FS)M( 1 +eP/KGiP) ]/[ (FS)P( 1+ete/KctjJ ] ' 

(9) 

Since the As2 and P2 beam fluxes are proportional to the 
AsH3 and PH3 flow rates, respectively,10 we can write 

1 1 
xr 

i+ä/w/PH,)  i+c[(i-*,)/.*,] 
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where fs are hydride flow rates; Xj- the phosphine flow- 
rate fraction, and 

0.8 

C~SP \MAs(\+eAs/KGaAs)' 
(ID 

where M"s are the molecular mass of P2 and As2. 
If the growth temperature is too low for As and P to 

desorb from their chemisorption states, we have e/K,-<\, 
i.e., 

(12) 

The phosphorus composition in GaAsP epilayers, there- 
fore, is independent of V/III ratio in the temperature range 
considered. This has been verified by experimental results 
in our group 8 

B. Normal growth condition (V/lll>1) 

Now we consider the normal GSMBE growth condi- 
tion (group V rich), where there are fewer Ga atoms than 
group V species. In this case, as shown in Fig. 1(b), we 
assume the group V dimers undergo the following steps:11 

FS
 *v *G»V 

V2{g) ** K2(s.p.) s* F2(s.c.) ► lattice, 
Dv 

D'y 

where s.p. stands for surface physisorption state, Dv the 
desorption rate constant, Dy and Ky the rate constants for 
group V dimers between physisorption and chemisorption 
states. The growth-rate equation of GaAsP, in this case, is 
similar to Eq. (1), but it is limited by the Ga-beam flux: 

■^g(GaAsP) = -^g(GaAs)+^g(GaP)==^Ga- (13) 

Therefore, 

*=^g(GaP)/(^«(GaAs)+-Ks(GaP))' 

Again, under steady-state conditions, 

(re)As 

(14) 

R *<GaAs)    (jy^DtSKtvJCjJ + (D^/KM) +1' 

R. 
(FSh 

**(GaP)    (D'PD?/KGA?Kf) + (DP/K?) +1 

Combining Eqs. (14)-(16), we have 

1 1 
x= 

1 + C(/ASH//PH,)    1 + C[ (1 -Xf)/Xf]' 

(15) 

(16) 

(17) 

(DPDf/KGAPK?) + (Dy/Kf) +1 
: SP ^M^ ( Z^Avs/tfoaA^As) + (Dr/K^) +1' 

(18) 

Equations (17) and (18) show the relationship between 
the phosphorus composition (x) and growth parameters. 
Since D\, AT,-, and Dt obey Arrhenius relations, x is sensi- 
tive to the growth temperatures. If the growth temperature 
is low enough, however, Eq. (18) can be simplified into 
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1 2 3 
PH 3 Flow Rate (seem) 

FIG. 2. The P composition in GaAsP as a function of the PH3 flow rate 
at a AsH3 flow rate of 1.6 sccni and growth temperature of 500 *C. Open 
circles are from group V-induced RHEED oscillations. Closed circles are 
from x ray diffraction measurements and simulations of GaAsP/GaAs 
SLSs,* and the line is a calculation based on Eqs. (10) and (12). 

Eq. (12), i.e., C = C = (S^Sp) yjiMf/M^). The 
assumption of the same S^ZS? for both cases is reasonable 
for the low-temperature range. 

Therefore, at low enough temperatures, one can obtain 
the P composition of GaAsI_xPJt in GaAsj.JPj/GaAs 
strained-layer superlattices grown under normal conditions 
by in situ monitoring group V-induced RHEED intensity 
oscillations when the same hydride flow rates are used, as 
shown in Fig. 2. The open circles are from the RHEED 
oscillations, and the closed circles are determined ex situ 
from x-ray rocking curve measurements and simulations 
based on the dynamic theory. The solid line is a calculation 
from our model, which will be discussed in the next sec- 
tion. The agreement between in situ and ex situ results is 
very good for x<0.35. In the high x range, however, the 
results from the in situ determination do not agree with the 
ex situ results. The reasons are believed to be (i) it is 
difficult to obtain reasonably good RHEED oscillations 
because of high strain; (ii) the strained-layer superlattice 
structure may be partially relaxed because the total layer 
thickness exceeds the critical layer thickness; and (iii) the 
assumptions in Eq. (8) that the As and P incorporation 
being independent of each other on a Ga-rich surface may 
not hold any more because of the existence of a relatively 
large amount of phosphorus on the growth front. 

At higher substrate temperatures, however, the rela- 
tionship between the P composition and phosphine flow- 
rate fractions in the normal growth conditions, Eq. (18), is 
different from that in the group Ill-rich conditions, Eq. 
(11), because As2 and P2 have different desorption and 
incorporation paths. 

III. COMPARISON WITH EXPERIMENTAL RESULTS 
AND DISCUSSION 

Equations (17) and (18) describe the relationship be- 
tween phosphorus composition {x) in the epilayer and 
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FIG. 3. The As incorporation rate obtained by As-induced RHEED 
intensity oscillations in GaAs as a function of reciprocal substrate tem- 
perature. 

FIG. 4. The P composition in GaAsP as a function of substrate temper- 
ature. The solid line is the best fit to the experimental data (see Ref. 8). 

flow-rate fraction of PH3 (Xf) as well as other parameters 
included in the parameter C. If we know these parameters, 
such as 5", K, D' and D, we can obtain the parameter C and 
calculate x for different growth conditions. From the 
reaction-coordinate diagrams in Figs. 1(a) and 1(b), we 
note that the activation energy of D'y/K^y plus that of 
Dv/Ky equals that of ey/KG%y for the case of a group 
Ill-rich surface, in Eq. (11). According to Eqs. (6) and 
(7), the activation energy of ev/KGay can be obtained by 
group V-induced RHEED intensity oscillations at different 
substrate temperatures. Figure 3 shows the incorporation 
rate of As in GaAs obtained by As-induced RHEED in- 
tensity oscillations as a function of substrate temperature. 
From the data obtained in the temperature range between 
540 and 610 "C, we obtain the activation energy of eM/ 
*GaAs. or (D^AsV^GaAstfAs). to be 88 kcal/mol. Us- 
ing the same method, we obtain the activation energy of 
ef/Kort, or (D'rD?)/{KGaPKf),t0 te 79 kcal/moL 

From previous RHEED studies of desorption of excess 
As2 or P2 from a GaAs or GaP surface, we have obtained 
the activation energies of DM and DP, 58 and 43 kcal/mol, 
respectively, which are the same as the activation energies 
of the vapor pressure curves of As2 and P2. Since P2, As2, 
and Ga on a growing surface are very reactive, the activa- 
tion energies for the reaction rate constants KM and Kv are 
expected to be relatively small. We assume they be zero. 
Now the only unknown quantities in Eq. (18) are S^/Sp 
and four parameters involving prefactors since Xf is set by 
the flow rates used. Figure 4 shows the P compositions, 
obtained by x-ray rocking curves and simulations of 
GaAsP/GaAs strained layer superlattices,8 as a function of 
substrate temperature. The quantity of SM/Sr can be ob- 
tained from the data in the low-temperature range in Fig. 
4 because from Eqs. (10) and (12) Sj^Sp 
= J(Mto/MTiM - x)Xf]/[x(l - Xf)]. Here we as- 
sume that SA/SP is constant in the temperature range con- 
sidered. Then we performed a best fit, shown by the solid 
line, to obtain the four factors involving pre-exponential 

factors. From this fitting, the parameter C in Eq. (18) 
becomes 

2.7{1+2.0X 10" exp[(21 500)/(r,)](! + £)} 
C=     l+5.4Xl0liexp[(29 250)/{Ts)](\+A)     ' 

where 

^ = 5Xl06exp(-15 000/rj), 

5=6Xl08exp(-18 000/r5). 

Thus, without any further adjustment of parameters, 
we can calculate phosphorus compositions as a function of 
phosphine flow rate for a given substrate temperature. Fig- 
ure 2 compares the P compositions determined by x-ray 
rocking curves and simulations (solid circles) and calcu- 
lations from our model (solid line). The substrate temper- 
ature was 500 *C, so C=2.7. The agreement is excellent. 

We can also calculate P compositions as a function of 
flow-rate fractions in the gas phase for different growth 
temperatures, as plotted in Fig. 5. The lines are from our 
calculations, and the points are experimental results from 
GaAsP/GaAs strained-layer superlattices. It is interesting 
to note that the parameter C is almost unity when the 
growth temperature is about 620 °C. In this case the phos- 
phorus composition is almost equal to the flow-rate frac- 
tion of PH3. This means that, despite strong desorption, 
the net incorporation rates of As and P are almost equal to 
each other. Therefore, the composition control then is even 
easier at high temperatures than at low temperatures. 

IV. CONCLUSION 

Simple kinetic models have been proposed to explain 
the arsenic and phosphorus incorporation behavior in 
GaAs,_,P, grown on GaAs (001) by GSMBE for both 
Ga-rich surface (V/III < 1) and normal growth conditions 
(V/III>1). For GaAs,_^»x (x<0.4) epilayers, one can 
use the in situ determination by RHEED to obtain the 

/ 
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FIG. 5. The P composition in GaAsP as a function of the PH3 flow rate 
fraction at different growth temperatures. The closed circles are from 
x-ray diffraction of GaAsP/GaAs SLSs grown at 500 'C. Other symbols 
indicate SLSs grown at different substrate temperatures. The lines are 
calculations from the kinetic model. 

phosphorus composition at substrate temperatures below 
500 °C. For substrate temperatures greater than 500 "C, the 
phosphorus composition increases with substrate tempera- 

ture due to faster desorption of As2. At about 620 *C, phos- 
phorus compositions in epilayers can simply be obtained 
from the flow-rate fractions because of nearly equal net 
incorporation of As and P. 
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INTRODUCTION 

Because of its large wavelength coverage, mixed 
group-V quaternary InGaAsP is very important for 
optoelectronic applications. Various growth tech- 
niques, such as liquid-phase epitaxy (LPE), metal- 
orgamcvaporphaseepitaxy(MOVPE),chemicalbeam 
epitaxy (CBE), and gas source molecular-beam epit- 
axy (GSMBE) have been used to grow this material. 
One of the critical issues on the growth-of such 
material is the control of the group-V composition.* 
For MOVPE, a thermodynamic model was devel- 
oped 6 For GSMBE, however, even though there are 
some experimental results,7 little work has been done 
theoretically. In this paper, based on the kinetics 
models for GSMBE of GaAsP and InAsP that we have 
developed,89 a simple equation has been denyed for 
the determination of group-V composition in 
I^Ga^As^P, epilayers grown by GSMBfc. 

EXPERIMENTAL PROCEDURE 

The GSMBE growth was performed in a modified 
Intevac Gen-II MBE system, which can handle AsH3 
and PH3. A detailed description of this system can be 
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foundelsewhere.innAsPandInGaAsP,sampleswere 
gXn on semi-insulating InP (001) or GaAs(001 
substrates. The growth temperature for InAsP_was 
between 500 and 535=C, and for InGaAsP, it was fixed 
at about 470°C. X-ray rocking curve measurements 
andRutherfordback3cattering(RBS)were performed 
to measure the P composition in InGaAsP and InAsr\ 
respectively. 

RESULTS AND DISCUSSION 

For In Ga   As, P , one pair of the end ternary- 

relation among x, y, (' and ß, i.e., x = yß + d - y)ß- » 
ß and B' are known, x can be calculated for a given y. 
This means that one can obtain the A*; orP composi- 
tion in InGaAsP from InAsP and GaAsP. As and P 
«corporation behaviors in GaAsP have been studied 

extensively.""15 In Ref. 8, we obtained a general 
Nation between P composition and growth, condi- 
tions such as substrate temperatures and flow-rate 
Sons i e., the ratio of the PH3 flow rate over the 
iotal hydride flow rate. For InAsP little work has 
been done « Figure 1 shows the P composition in 
lÄown on InP and in GaAsP grown on GaAs as 
a function of substrate temperature For InAsP, the 

is 1um/h. The P compositions were obtained by RBb. 
For (SAP, the PH3 flow-rate fraction is 0.37, and the 
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Fig. 1. The P composition in InAsP grown on InP and in GaAsP grown 
on GaAs as a function of substrate temperature. The experimental 
data for InAsP were obtained from RBS measurements of single 
epitaxial layers, and for GaAsP, from x-ray rocking curves and simu- 
lations of GaAsP/GaAs strained layer superlattices. The phosphine 
flow-rale fraction for InAsP is 0.82, and for GaAsP, 0.37. 

^0.8 c 
o 

"55 o 
|-0.6 
o 
ü 
CO 
3 >_ 
O 

JC 
Q. 
W 
O 

0.4    - 

Q. 0.2    - 

lny Ga-, -yA^.xl X 

i i i—[™i "1 i 

y=0.0 

1 ' i   i   |   i 1    1    1    1    1    1   J 

     0.2 

;      0.4 
/ 1 lilt 

"     0.6 

• 0.8 

■     1.0 

-Ä^^TM   I   i   i 

y = 0.0 

. . i . 

/// h 

* 
= 1.0 

1 1 I 1  1 1 

0 0.2        0.4        0.6        0.8 1 
Phosphine Flow Rate Fraction (Xf) 

Fig. 2. The P composition in In Ga,^As,.,P, as a function of phosphine 
flow-rate fraction for different Ga compositions at a substrate tempera- 
ture below 500eC. The lines and open circles are calculated results and 
the solid circles are experimental data. 

P compositions were obtained by x-ray rocking curves 
and simulations.8 

If we extend our kinetic model for GSMBE of GaAsP8 

to InAs,_p.Pp. for substrate temperatures below 520CC, 

the P composition ß' in InASj^Pp. as a function of 
arsine and phosphine flow rates or the phosphine 
flow-rate fraction can be written as 

ß' = - 
1+c 

'AsH. 

PH, 

with 
-  s. 

1+c 
(1-X r) 

xr 

JMP, 

(1) 

\ M 
(2) 

AS, 

where fs are hydride flow rates; Xp the phosphine 
flow-rate fraction; Ss, sticking coefficients; and Ms, 
molecular weights. Equation (1) is similar in form to 
that for GaAsP.6 From Eq. (1) for InAsP and GaAsP 
and x = yß' + (1 - y)ß, if y and c for both GaAsP and 
InAsP are known, one can obtain the P composition x 
in InvGaj_vASj.xPx. For InAsP, according to the experi- 
mental results in Fig. 1, c is 11.2 for substrate 
temperatures below 520CC. For GaAsP, c is 2.7.6 

Therefore, we have the P composition in In^Ga^ASj^P, 
as a function of phosphine flow-rate fraction (Xf) and 
Ga composition (1 - y), as shown in Fig. 2. 

x=- 
1-y 

1+ 
ll-2(l-Xf)    , , 2.7(1-Xf) 

(3) 

Xf 

1+- 
xf 

In Fig. 2, closed circles are experimental data, and 
open circles are expected values. We see the agree- 
ment is quite good, with an accuracy of about ±0.02. 
Even though such an accuracy may not be good 
enough for certain structures that have a stringent 
requirement on composition control, such as quan- 
tum-well modulators, our procedure replaces the usual 
initial trials and errors. Once the composition of the 
first sample is determined by x-ray rocking curves 
and simulations, the composition of the second sample 
can be fine-tuned to obtain the exact composition 
(<±0.01). Reproducibility is a complicated issue be- 
cause mass flow controllers may drift and the sub- 
strate temperature may vary slightly from run to run. 
The substrate temperature considered in our model is 
low (<500°C) such that the sticking coefficients of As 
and P are relatively insensitive of temperature and 
composition. The drift in mass flow controllers can be 
taken into account by determining the As and P 
incorporation rate at a given substrate temperature 
from group V-induced intensity oscillations of reflec- 
tion high-energy electron diffraction (RHEED).10 

Obviously, the ratio of As to P incorporation co- 
efficient in InAsP is about four times larger than that 
in GaAsP. This may be explained by the difference in 
the binding energies between III-As and III-P for 
different group-Ill elements, such as Ga and In. The 
binding energy for GaP is about 1.65 eV, and for GaAs, 
about 1.52 eV. The difference is about 0.13 eV. How- 
ever, the binding energy for InP is about 1.5 eV and 
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0.0 
,nP Ga Composition (1-y) 

Fia 3 The relationship among As and Ga compositions and arsine 
S-rateffactiontl-Äinin^a ,^-P, at a subs^ate temperate 
below 500°C. The open circles and the curves are calculation results, 
and the solid circles are experimental data. ^  

InAs 1.4 eV. So the difference is about 0.1 eV. This 
indicates that it is easier for P to desorb in InAsP than 
in GaAsP. Therefore, the ratio of P to As incorporation 
coefficient in InAsP is smaller than that in GaAsF. 
This was also found in MOVPE.17 

Figure 3 shows the relationship between the As 
composition (1 - x) in In^Ga^As^P, and arsine flow- 
rate fraction (1 - Xf) for different Ga compositions at 
growth temperature below 500°C. The curves and 
open circles are calculation results from Eq. (3) and 
the solid circles are experimental results from x-ray 
rocking curves. The two dashed lines indicate the 
compositions lattice-matched to GaAs and InP, re- 
spectively Note that a small arsenic content in the 
gas phase produces a large arsenic composition in the 
solid phase, indicating that arsenic is incorporated 
much more efficiently than phosphorus. In Fig 4, we 
compare a part of Fig. 3 with calculated results for 
InGaAsP grown by MOVPE, which were obtained 
from thermodynamics by Koukitu and Seki.1 ■ One can 
see there are both similarity and difference between 
GSMBE and MOVPE. The similarity is that As has 
higher incorporation coefficient than P, and the As 
incorporation coefficient is even higher m InAsP than 
in GaAsP, as mentioned before. Thus, the As compo- 
sition in InGaAsP decreases from In-rich to Ga-nch 
re-ion. The difference between GSMBE and MOVPE 
is that in GSMBE there is no flat region for lower 
arsine flow-rate fractions and higher In compositions. 
This could be due to the fact that in GSMBE, arsine 
and phosphine are precracked to produce As2 and F,; 
whereas in MOVPE, arsine and phosphine have to 
react on the surface for As and P to be incorporated. 
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Fig 4. A comparison of calculated As compositions as a function of 
3'ium composition (1 - y) and arsine flow-rate fraction (1 - X,)«\ 
?nGa As P grown by GSMBE at a substrate tempera ure below 
KClblsed on our kinetic mode.) with those grown by MOVPE a. 
650°C based on Koukitu and Seki's thermodynamic model)." The 
dash lines are for GSMBE and the solid lines, MOVPE.  

Even though a different GSMBE system may cause 
different results due to possible systematic errors in 
the calibration of substrate temperatures and hy- 
dride flow rates, the equation should be the same for 
all systems. Once c parameters are obtained tor 
InAsP and GaAsP for a particular system one can 
draw a similar figure to Fig. 3 and predict the group- 
V composition in InGaAsP easily. 

CONCLUSION 

We have investigated the group-V composition con- 
trol in InGaAsP grown by GSMBE. Based on our 
kinetics models, a simple equation has been derived 
to predict the As composition in InGaAsP for a given 
Ga composition at substrate temperatures below 
500°C The calculated results agree with experimen- 
tal results very well, and the control of group-V 
composition in InGaAsP is considerably simplified. 
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and light-emitting diode application of In^Ga^^P on GaP(100) 
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Highly lattice-mismatched In^Ga^^P (x<0.38) layers were grown on GaP substrates by 
gas-source molecular beam epitaxy. A relatively thin, compositionally linear-graded buffer layer 
was used to reduce the number of threading dislocations. Studies by double-crystal x-ray 
diffraction and transmission electron microscopy show this buffer layer to be 97% strain-relaxed 
along both <110> directions with dislocations well confined within the graded buffer and the 
substrate. Threading dislocation densities in the top layers were less than lXlO7 cm-2. 
Room-temperature photoluminescence, ranging from 560 to 600 nm, is achieved. 
Heterojunction p-i-n diodes emitting at 560 nm at 300 K exhibit good rectifying and reverse 
breakdown characteristics. 

Visible light-emitting diodes (LEDs) and laser diodes 
are useful for outdoor displays, signaling, and laser print- 
ers. Red GaAsJP!_x LEDs and green GaP LEDs have 
been mass-produced for years by liquid- or vapor-phase 
epitaxy. In these indirect-band-gap materials impurity- 
induced transitions are responsible for the light generation. 
However, a typical external quantum efficiency for a 
GaAs^P,., LED at 590-630 nm, for example, is less than 
1%. LEDs made with a direct-band-gap material show 
much higher efficiencies. Lattice-matched InGaAlP LEDs 
grown on GaAs, with the help of a thick GaP window 
layer, achieved a 6% external quantum efficiency at 590 
nm.1 At 560 nm the same structure with a higher alumi- 
num content exhibits a lower efficiency (=0.2%), but still 
better than a conventional green GaP LED (sO.08%).1 

An alternative approach to indirect-gap GaAsP and 
direct-gap InGaAlP on GaAs for achieving room- 
temperature, short-wavelength visible light emission is to 
grow a lattice-mismatched epilayer of direct-gap 
In,Ga,_,P. When x>0.27, this material has the highest 
direct-band-gap of any arsenide or phosphide, except 
In^Al^^P. It grows tensilely strained on GaAs (*<0.49) 
or compressively strained on GaP. In the composition 
range 0.27 < x <0.49, similar band gaps to that of InGaAlP 
lattice-matched to GaAs can be achieved without using 
aluminum, an advantage since aluminum is very sensitive 
to oxygen contamination. Recently, Masselink and Zachau 
reported the growth of Ino 35Gao 65P on GaAs and obtained 
a room-temperature peak emission at 590 nm. Stinson 
et al. have grown thick (10 fim) In^Gai_xP layers on a 
graded buffer layer on GaP by organometallic vapor-phase 
epitaxy and reported an LED external quantum efficiency 
of 0.9% at 590 nm.3 GaP substrates have the advantage 
that they are transparent to the emitted light, hence sub- 
strate absorption is greatly reduced. In this letter, we re- 
port the growth and characterization of InxGa]_,P layers 

grown on a relatively thin (compared to Ref. 3), linearly 
graded buffer layer on GaP (100) by gas-source molecular 
beam epitaxy (GSMBE). The device characteristics of 
double-heterojunction In^Ga^JP green (560 nm) LEDs 
are also described. 

Matthews et al.* predicted that mismatched epilayers 
could have lower dislocation densities than the substrate 
because the misfit strain energy would cause existing 
threading dislocations to glide out of the epilayer. How- 
ever, at large lattice mismatch this model breaks down 
since substrate dislocation densities are insufficient to relax 
the strain entirely. The nucleation of new dislocations is 
required, and this process is less well understood or con- 
trolled. Compositionally step-graded5 or linearly-graded 
buffer layers6"9 for strain relaxation and dislocation filter- 
ing in large mismatched systems have recently been reex- 
amined. The results for both III-V and group IV semicon- 
ductor systems have been encouraging. Fitzgerald et al.6 

demonstrated low threading-dislocation densities in 
SixGe]_x/Si using a linearly graded buffer layer. Using a 
similar technique, Lord et al.1 reported 1.3 /xm exciton res- 
onance in an Ing 5Gao 5As multiple quantum well structure 
grown on GaAs. Fischer-Colbrie et al.s reported obtaining 
high-quality In^Ga^As on InP, and Le Goues et al.9 re- 
ported low threading dislocation densities in both the 
Si^Ge^j/Si and In^Ga^jAs/GaAs systems. Appropri- 
ately graded structures produce a sufficient amount of mis- 
fit dislocations to relax the film at a nucleation rate slow 
enough to apparently allow the glide of threading disloca- 
tions unimpeded to the edges of the sample. In this work 
we apply this growth technique to the InxGaj _,P/GaP 
system and obtain In^Ga,.^ buffer layers with threading 
dislocation densities sufficiently low as to serve as a sub- 
strate for further growth. 

The growth was performed in an Intevac Modular 
GEN-II MBE modified to handle arsine and phosphine. 
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Pure phosphine was introduced into the growth chamber 
through a cracker producing P2 and H2. Solid gallium and 
indium were used for the group-Ill sources. More details 
about the GSMBE system have been described elsewhere. 
The M-type GaP (100) substrate was cleaned with a 
HC1:HN03: H20 (4:4:5) solution and mounted with in- 
dium onto a 3-in. Si wafer before it was loaded into the 
growth chamber. Oxide desorption occurred at about 

- 660 °C. A thin GaP layer was grown first at 650 °C fol- 
lowed by the graded In^Ga^P buffer layer. For the buffer 
layer the indium cell temperature was changed at a rate 
such that the indium composition increased by 1% for 
every 40 nm of layer grown, approximately 2% lattice mis- 
match per micron. Because of the lower melting point of 
InP, compared to GaP, the optimal growth temperature is 
approximately in proportion to the In composition. There- 
fore, the substrate temperature was gradually decreased 
from 650 "C to the final temperature (490 to 550 °C) for 
the growth at the composition xjsO.3. The growth of the 
buffer layer was interrupted four times while the substrate 
was annealed for 5 min at 60 °C higher than the growth 
temperature. We found that this thermal cycling improved 
the surface morphology. After the required indium com- 
position was reached, a constant-composition layer for 
x-ray diffraction measurements or diode fabrication was 
grown on top. 

The surface of each sample was examined under a 
Nomarski optical interference microscope. Clearly defined 
surface cross-hatch patterns along both in-plane <011> di- 
rections were observed on these films, similar to previous 
work on lattice-mismatched epitaxial growth.9 This cross- 
hatched surface could be related to misfit dislocation mul- 
tiplication sources whereby repeated glide occurs on 
closely spaced <111> planes.11 We found the cross-hatched 
surface morphology to be associated with a low threading 
dislocation density and an intense photoluminescence 
(PL) emission.9 Another sample of Ino^Gao^P grown 
with a four-step graded buffer layer (8% indium per step) 
has a rough textured surface and no PL response at room 
temperature. A clearly defined cross-hatched surface pat- 
tern then served as a first qualitative evaluation of the ep- 
ilayers before further characterization. 

Figure 1 shows a cross-section transmission electron 
micrograph (XTEM) of an Ino.32Gao.68P epilayer grown 
on a linearly graded buffer on GaP(100). The TEM was 
carried out at an accelerating beam voltage of 300 kV. 
Dislocations are mostly confined to the graded buffer layer. 
Dislocation loop pile-ups in the substrate are also ob- 
served.12 The top layer with a constant composition is clear 
and free of dislocations in XTEM. The threading disloca- 
tion density estimated from plan-view TEM is less than 
1X107 cm-2. 

The top epilayer composition and degree of strain re- 
laxation were determined with (400) and (422) x-ray 
rocking curves. Figure 2 shows a typical (400) x-ray spec- 
trum. The constant background is due to the linearly 
graded buffer layer. All of the layers examined were almost 
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FIG. 1. Cross-section TEM micrograph of an Ino^GaotgP epilayer 
grown on a linearly graded buffer layer on a GaP(100) substrate. The 
thickness of the linearly graded buffer is 1.15 fim. 

completely relaxed (around 97%) along both in-plane 
<011> directions. For x~0.3, a top layer growth tempera- 
ture of 540 °C is optimal with respect to the x-ray line- 
width. The smallest linewidth measured for a 1.4-/zm-thick 
In^GaoesP laver grown on a 1.2-mm-thick graded buffer 
layer was 500 arcsec. 

Room-temperature PL measurements were performed 
on samples with different In compositions. The highest 
luminescence intensity was obtained at 584 nm from a 
layer with 32% indium. The emission efficiency was low 
for lower indium concentrations because the direct-indirect 
band-gap crossover occurs at x^z 0.28. In the case of higher 
indium concentrations above 32%, the PL intensity also 
decreased probably due to the increasing lattice mismatch. 
Consistent with x-ray results, the 300 K PL intensity for 
x:=;0.32 is about 30% higher for a growth temperature of 
520-540 °C than 480 °C. Photoluminescence at lower tem- 
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FIG. 2. (400) x-ray rocking curve of a 1.4-/im-thick Ino.3Gao.7P layer 
grown on a linearly graded buffer layer on GaP(lOO). The insert shows 
the effect of growth temperature on the x-ray linewidth. 

Chin et al.       2370 



.                  1         1 . 
ln0.36Ga0.64P : 

^    "■■•■.,—\ : 

 #  
**'*^ 

'■•? : 

In_ „0Gaft coP 
0.38       0.62 

""•-. 
'•• 

: 

- - - . 
■ . 
■ . 

■ i           . i     . .     ■ .  , ■ - 

2.25 

2.20 
> 
a) 
*~ 2.15 a. TO 
O) 

■O   2.10 
(S 
m 

2.05 

2.00 
0       50    100   150   200   250   300   350 

Temperature (K) 

FIG. 3. Temperature dependence of the In^Ga^^P band-gap energy 
measured by photoluminescence. The dashed line is the result of fitting 
with the Varshni equation. 

peratures was also measured, and the relationship between 
the peak energy and temperature was fit with the Varshni 
equations (Fig. 3).13 The extrapolated band-gap energy of 
In^Ga^jP versus indium composition at 4.2 K is consis- 
tent with the theoretical band gap for a relaxed 
In,Ga,_,P. 14 

Au/Zn contacts 

300 nm InGaP (26% indium)     p-type 

100 nm InGaP (30% indium) undoped 

1 micron InGaP (27% indium)     n-type 

linearly graded buffer layer 

GaP substrate 
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FIG. 4(a). Device structure of an InxGai_j,P heterojunction LED. The 
dose for the Be planar doping is 5X1012 cm-2, (b) Electroluminescence 
(EL) and I-V curve of the LED. The EL is measured at 25 and 50 mA 
from both the front side (dashed lines) and back side (solid lines). 

Heterojunction lnxGal_xP p-i-n diodes with electrolu- 
minescence (EL) at peak wavelengths 560-565 nm were 
fabricated. The structure is shown in Fig. 4(a). The 100 
nm active layer and the p-type cap layers were grown 
pseudomorphically on a relaxed In027Gao73P layer. The 
cap layer contained three Be-planar doping regions to re- 
duce the contact resistance. The I-V characteristics 
showed a high breakdown voltage ( = — 16 V), and leak- 
age currents less than 100 nA at —16 V despite the highly 
mismatched epilayer. However, a problem with this diode 
structure was the high series and contact resistance due to 
the difficulty in achieving high p-type doping in 
In^Gaj.jP.3 Although the Be planar doping in the ohmic 
contact layer (dose of each plane =5xl012 cm-2) re- 
duced the contact resistance from 4.5 X10-3 to 3xl0-3 

£1 cm2 compared to a uniformly doped contact layer, poor 
current spreading results in light blocked by the metal con- 
tact when EL measurements are performed from the front 
side [dashed lines, Fig. 4(b)]. Light emission measured 
from the back side is improved by about a factor of 2 [solid 
lines, Fig. 4(b)] because the GaP substrate is transparent. 
Device geometry and the processing shall be further opti- 
mized to maximize light extraction. 

In summary, we have demonstrated that a composi- 
tionally graded buffer can effectively reduce the number of 
threading dislocations in the lnxGal_xP/GsiP system to 
obtain materials potentially useful for visible light emitting 
applications. X-ray and PL data show that the epilayer 
grown on a linearly graded buffer layer is fully relaxed, 
with a threading dislocation density less than 1X107 cm-2. 
Green LEDs (560 nm) with good rectifying and reverse 
breakdown characteristics were fabricated. 

This work is supported by the Office of Naval Research 
and the National Science Foundation Presidential Young 
Investigator Award. 
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Heteroepitaxial growth of lnP/ln0.52Ga0.48As structures on GaAs (100) 
by gas-source molecular beam epitaxy 
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High quality In052Ga048As, InP, and Ino^Ga^As/InP single quantum wells were grown on 
GaAs (100) by gas-source molecular beam epitaxy (GSMBE) with a 2-/im thick In^Gaj.^As 
buffer layer where x was linearly graded from 0 to 0.52. Reflection high-energy electron 
diffraction patterns and specular beam intensity oscillations showed that the growth mode of 
Ino52Gao48As and InP were layer by layer despite the lattice mismatch (Ao/a=3.8%) between 
InP and GaAs. Photoluminescence line widths at 10 K of a l-/*m thick InP and a 5-nm wide 
In052Gao4gAs/InP single quantum well are 4.9 and 10 meV, respectively, which are comparable 
to the vaiues measured from similar structures grown lattice matched on an InP substrate (3.5 
and 7 meV, respectively) by the same GSMBE system. The quantum-well luminescence 
intensity is also comparable to lattice-matched samples. 

InojjGao^As and InP are critical materials in InP- 
based optoelectronic devices, which are important for the 
1.3-1.55 /im fiber-optic communication technology. How- 
ever, the integration of 1.3-1.55 /xm optoelectronic devices 
with GaAs technology is difficult because of the large lat- 
tice mismatch between GaAs and InP. The control of the 
threading dislocations generated during the growth is es- 
sential to obtain good quality In,Gai_^s as x increases. 
Recently Ribas et aL1 reported a device quality 
In^GaajAs layer grown on a GaAs substrate by using a 
complicated step-graded buffer layer. Chen et aL2 reported 
a three-step graded buffer layer for IHQ^Ga^As grown on 
GaAs. Using a linearly graded buffer layer has also re- 
sulted in low threading-dislocation density of SixGe,_/Si, 
In^Ga^jAs/GaAs (JC up to 0.35), Ino.8Gao.2As/InP, and 
I^Ga^JP/GaP3"5 (x up to 0.38). In particular, excitonic 
resonance at 1.3 fim in multiple quantum well structures 
grown on GaAs have been reported.6 In this letter, we 
report the growth of 1% ^Ga^gAs, InP, and 
Ino 52Gao.48As/InP single quantum wells on GaAs by using 
a linearly graded buffer layer by gas source molecular beam 
epitaxy (GSMBE). These samples show good photolumi- 
nescence properties comparable to similar structures 
lattice-matched to InP substrates. Reflection high-energy 
electron diffraction (RHEED) patterns and intensity os- 
cillations, recorded during growth, indicate a layer-by- 
layer growth mode. 

Samples were grown on exactly oriented GaAs (100) 
substrates in a modified Intevac Modular GEN-II molec- 
ular beam epitaxy (MBE) system which has been de- 
scribed previously.7 To achieve a linear indium composi- 
tion profile (JC=0-0.53), the gallium cell temperature was 
kept constant and the indium cell temperature was ad- 
justed gradually according to the calibration from InP 
RHEED oscillations. The real indium compositions of the 
samples discussed here were 0.52 ±0.02. The growth rate 
of Ino.52Gao.48As was about 1.6 monolayers/s. The total 
thickness of this graded buffer layer was 2 pm before the 
indium composition reached 0.52. In other words, the 
overall gradient was about 2% mismatch//xm. The sub- 

strate temperature was decreased linearly from 600 to 
450 "C across the 2 pm buffer layer, then another layer of 
Inoj2Gao.48As (200-500 nm) thick was grown at 450 °C 
before further growth of InP or Ino.52Gao.4gAs/InP single 
quantum wells at 450-510 °C. 

The RHEED pattern was monitored during growth 
and stored on a video tape. Streaky patterns were observed 
through the graded In,Ga,_,As buffer layer up to the top 
InP. Figures 1(a) and 1(b) show the RHEED patterns of 
the Ino52Gao4gAs surface. A four- and three-fold pattern 
was observed in <011> and <011> directions, respectively. 
The RHEED patterns of InP grown on the top are (2X4) 
or (2X1) depending on the phosphine flow rate and the 
substrate temperature, as we observed on homoepitaxial 
InP (100) in GSMBE.8 Figures 1 (c) and 1 (d) are the InP 
(2X4) pattern along <011> and <0ll> directions, respec- 
tively. RHEED intensity oscillations on both 
Inoj2Gao48As and InP surfaces were also recorded, as 
shown in Figs. 2(a) and 2(b), respectively. These RHEED 
results indicate that the growth of these highly mismatched 
In^Ga^jAs and InP on GaAs was kept in a two- 
dimensional growth mode despite the large lattice mis- 
match. No island growth was observed by RHEED nor by 
microscopy analysis. Cross hatches along both <011> di- 
rections were observed under a Normaski phase-contrast 
microscope. 

X-ray diffraction was used to measure the indium com- 
position and the degree of relaxation. Rocking curves were 
taken on both (400) and (422) planes, and the perpendic- 
ular and lateral lattice spacing could then be calculated. 
The x-ray analysis shows that the top layers are typically 
more than 95% relaxed along both <011> directions, an 
indication of the effectiveness of strain relaxation by the 
graded buffer layer. This is similar to our previous work on 
linearly graded In,Ga,_,P on GaP (100).5 The formation 
of the cross hatch is believed to be from the repeated glid- 
ing of dislocations on (111) planes.10 The typical distance 
between two cross-hatch lines are 500 nm and the height is 
around 10 nm. They do not seem to affect the single quan- 
tum wells in PL measurements as we shall see later. 
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FIG. 1. (a) and (b) are (4x3) RHEED patterns along <011> and <OTl) 
directions of In^GsioiiiAs grown on GaAs (100). (c) and (d) are 
(2x4) patterns of InP (5-nm thick) on top of the Ino.52Gsio.4jAs layer. 

Photoluminescence measurements were performed at 
10 K on In/ja,.^, InP, and Ino.52Gao.48As/InP single 
quantum wells grown on GaAs. These samples are com- 
pared with similar structures grown lattice matched on InP 
in the same system. Figures 3(a) and 3(b) show the PL 
spectra of a l-/zm thick IIIQ 3gGao.62As and a O.S-fim thick 
IriQ52Gao48As layer, both grown on GaAs with a grader 
buffer layer. The PL full width at half maximum 
(FWHM) are 9 and 12 meV, respectively. These line 
widths are comparable to that obtained on a 0.2-fim thick 
In0_S3Ga0.47As layer (8 meV) grown on InP in the same 
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FIG. 3. 10 K PL spectra of (a) In0.38Gao.62As and (*>) Ino-siG^As 
grown on GaAs with graded In^Ga^^As buffer layers, (c) is from a 
0.2-/im thick Ino^Ga^As grown lattice matched on InP. The FWHM 
are 9, 12, and 8 meV, respectively. 

GSMBE system [Fig. 3(c)]. This PL result demonstrates 
that the optical quality of In,)53Ga047As grown on GaAs 
with a linearly grader buffer layer could be comparable to 
that grown on InP. Our IIIQ ^jGao 47As/GaAs result is also 
comparable to that reported by Ribas et al. who obtained a 
7 meV line width on a 3-/zm thick In^Ga^As grown on 
GaAs with a buffer layer consisting of steps and superlat- 
tices.1 

Figure 4(a) shows the PL spectrum of a l-fim thick 
InP layer grown at 480 "C on GaAs with a graded buffer 
layer, and Fig. 4(b) shows the PL obtained from a 0.6-fim 
thick InP layer grown directly on InP. For the homoepi- 
taxial sample, the two peaks between 1.413 and 1.417 eV 
are identified to be D°X and ifh transitions. The peak 
centered at about 1.384 eV is believed to be from the 
electron-neutral-acceptor (eA°) transition. The line width 
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FIG. 5. (a) 10 K and (b) 300 K PL of four InosiGa^gAs/InP single 
quantum wells grown on a GaAs with an In^Ga^jAs buffer layer. 

of the LPh peak is estimated to be 3.5 meV, and the com- 
bined ifX and D°h peaks is about 5 meV. For the hete- 
roepitaxial sample there is only one peak and the line width 
is 4.9 meV, comparable to that of the homoepitaxial sam- 
ple. However, the luminescence efficiency of the heteroepi- 
taxial InP is about 80% lower. This is probably due to the 
extra dislocations generated at the In<) 52Gao 48As/InP in- 
terface, where a slight lattice mismatch occurs between 
these two layers. This is also supported by the fact that the 
peak position of these two InP PL spectra are different. 
The band-gap energy of the InP grown on the graded 
buffer layer is 6 meV higher than the homoepitaxial InP. If 
we assume that the strain at the Ino.52Gao.4sAs/InP inter- 
face is 50% relaxed because the cross-sectional transmis- 
sion electron microscopy (XTEM) result shows disloca- 
tions exist along only one (011) direction at this interface, 
we can conclude that this 6 meV band-gap shift corre- 
sponds to a lattice mismatch of Aa/a= 1.4x 10-3 by con- 
sidering the deformation potentials of InP.11 The indium 
composition of the buffer layer is 51% by this estimation, 
which again agrees with the value (52%) obtained from 
PL and x-ray measurements. Our results should be com- 
pared with that reported by Razeghi et al. who grew InP 
on GaAs by MOCVD with a GaAs/GalnP buffer layer 
and achieved a 28 meV PL line width at 20 K.12 Similar 
peak position shift towards higher energy was also ob- 
served. Yet the best PL result of InP on GaAs so far was 
reported by the same group in 1984, which was a 3 /xm InP 
grown directly on GaAs with a 1 nm PL line width (equiv- 
alent to 1.6 meV).13 

Single quantum wells were also grown on the graded 
buffer layer on GaAs and then characterized by PL. Single 
quantum wells with Ino.52Gao.48As well width of 2, 5, 10, 
and 20 nm were separated by 50 nm InP barrier layers. The 
narrowest well is near the surface. Figure 5 shows the PL 
spectra of the single quantum well structure at 10 and 300 
K. A higher excitation power is required to see the emis- 
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sion from the 20 nm well at 10 K, and the emission inten- 
sity of the 10 nm well is also lower than the top two wells. 
This could be explained as the effect of the small lattice 
mismatch between the InP and the In0 ^^Ga^As buffer 
layer discussed above. Extra dislocations generated at this 
interface could affect the emission efficiency of the nearest 
two wells by nonradiative recombinations. However, in- 
tense excitonic peaks indicate good optical quality of the 
top two quantum wells (2 and 5 nm), whose intensities 
and line widths are comparable to those lattice-matched to 
an InP substrate. For example, the FWHM of the peak 
from the 5 nm well is 10 meV, as compared to a 7-meV 
FWHM from the control sample. These results are very 
encouraging. 

In conclusion, we demonstrated that a high-quality 
InjGa^jAs could be grown on GaAs (100) by using a 
linearly graded buffer layer. This simple buffer layer suc- 
cessfully decoupled the lattice mismatch between the GaAs 
substrate and the subsequent InGaAs/InP heterostruc- 
tures. Two-dimensional layer-by-layer growth was ob- 
served for Ino.52Gao.4gAs and InP layers. We obtained InP, 
In0.52Ga048As and Ino.52Gao.48As/InP single quantum 
wells with PL intensities comparable to those grown lattice 
matched on InP substrates. One important question is how 
the cross-hatched surface morphology will affect the de- 
vices grown on top of the graded buffer layer. 

The authors would like to thank P. D. Kirchner for 
valuable discussions. This work is partially supported by 
the Office of Naval Research, Hughes Aircraft Co., and the 
California MICRO program. 
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Multiple dislocation loops in linearly graded lnxGa1_xAs (0<x<0.53) 
on GaAs and In^Ga^xP (0<x<0.32) on GaP 
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We report transmission electron microscopy studies of dislocation structures in two 
lattice-mismatched IH-V systems, In^Ga^jAs (0<x<0.53)/GaAs and In,Ga]_JP 
(0<x<0.32)/GaP, grown by gas-source molecular beam epitaxy. Multiple dislocation-loops, 
extending from within a linearly graded buffer layer to deep inside the substrate, were observed 
in both systems. All dislocations, in each set of loops consisted of 60° dislocations with the same 
Burgers vector on a similar {111} glide plane. The density in the graded buffer and the substrate 
was estimated to be 2xl09/cm2, and their appearance was associated with low threading 
dislocation densities and good optical quality in material grown on top of the buffer layer, 
InP/Ino j3Gao47As on GaAs or Ino^Gao^gP on GaP. 

Fully relaxed lattice-mismatched semiconductor het- 
erostructures, quantum wells, and superlattices devoid of 
threading dislocations have been the elusive goal of the 
international heteroepitaxy community for many years.1 

Recently, an old idea revisited, the use of a linearly or 
step-graded buffer layer between the substrate and the ep- 
ilayer has produced some very promising results for large 
lattice-mismatched systems including Si,Gei_.t/Si,2"5 

In/Ja^jAs/GaAs,5-10 and Ino.8Gao.2As/InP.n Close to 
100% strain relaxation and a reduction in threading dislo- 
cation densities to below the detection limit of plan-view 
transmission electron microscopy (TEM), lOVcm2, have 
been reported. The demonstrated high efficiency of strain 
relaxation via the use of compositionally graded buffer lay- 
ers is related to the control of misfit dislocation formation 
rates in the material. Although some data on dislocation 
mobilities are available, the dislocation source mechanism 
is system-dependent and remains unknown or controver- 
sial. 

In this letter, we describe results from TEM studies of 
the strain relaxation occurring in the linearly graded buffer 
layers of two IH-V systems, InP/Ino 53Gao 47As on GaAs 
and Ino32Gao68P on GaP. In both cases, the graded buffer 
layer resulted in close to 100% relaxation of the large com- 
pressive strain between the surface epilayer and the sub- 
strate, 3.8% for Ino S3Gao 47As/GaAs and 2.5% for 
Ino 32Gao.68P/GaP. Unusual dislocation structures involv- 
ing multiple dislocation loops (5—15) extending from 
within the graded buffer layer to deep inside the substrate 
were observed, similar to findings in compositionally 
graded Si,Gei_x/Si.4,5 However, unlike SiGe,12 we ob- 
served fewer identifiable multiple loops in step graded 
buffer layers as compared to linearly graded material, sug- 
gesting that their formation may be dependent upon the 
composition step size. 

Samples were grown on GaAs (001)I3 or GaP (001)14 

substrates by gas-source molecular-beam epitaxy 
(GSMBE)15 using elemental group-Ill effusion cells and 
thermally cracked arsine and phosphine. A composition- 
ally linear-graded In/Ja^jAs (0<x<0.53) or In/Ja,.^ 
(0<JC<0.32) buffer layer was grown first on the substrate, 

GaAs or GaP, respectively, followed by a 0.5-1-^m-thick 
uniform composition layer grown on the graded buffer 
layer. The grading rate was about 2%-mismatch/^m, or 
26.5% and 25% In/^m for In^Ga,.^ and In/JaL^P, 
respectively. Four single quantum wells, consisting of 2-, 
5-, 10-, and 20-nm-thick IüQ S3Gao.47As wells separated by 
50-nm-thick InP barrier layers, were grown on top of the 
uniform Ino.s3Gao.47As laver *°r tne evaluation of the op- 
tical properties. The narrowest well was grown nearest the 
surface. To compare linear grading with step grading, 
Ino32Gao6gP samples were grown on a four-step graded 
In^Gaj.^» buffer layer (8% indium per step) on GaP. 
The grading rate, growth temperature variation, and total 
buffer layer thickness (1.2 (im) were the same as for the 
linearly graded sample. The perfection in the composition 
control was limited by the accuracy of the reflection high- 
energy electron diffraction (RHEED) oscillations. The ac- 
tual indium composition of the nominal Ino j3Gao.47As 
sample was x=0.52 as measured by photoluminescence 
(PL) and high-resolution x-ray diffraction (HRXD). 
Analysis of (224) and (004) reflections6 indicated com- 
plete relaxation of both the Ino S3Gao47As and Ing.32Gao.tgP 
surface layers. Other details of the growth, RHEED, and 
PL measurements will be published elsewhere.13,14 

The samples for cross-sectional TEM (XTEM) were 
prepared by standard Ar ion-thinning techniques. All 
TEM work was carried out using a Philips CM30 at a 300 
kV operating voltage. Figure 1 shows a set of XTEM mi- 
crographs of the InGaAs sample first viewed in the [110] 
direction (a), and then tilted by (b) 30° around the [TlO] 
axis, and (c) 40° around the [001] axis. The most striking 
feature is the presence of a 15 dislocation loops extending 
from the graded buffer layer to deep inside the substrate. 
The deepest loop observed penetrates into the substrate 2.5 
/xm. The dislocations clearly originate from a location 
within the graded layer, 0.4 fim above the buffer/substrate 
interface. 

A Burgers vector analysis of the dislocations in Fig. 1 
is shown in Fig. 2 using (a) g^o, (b) SiTi» (c) Sot», and 
(d) gju two-beam conditions. For every dislocation, a sig- 
nificantly reduced contrast occurs for the gjn reflection 
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FIG. 1. [110] cross-sectional transmission electron micrographs of a lin- 
early graded In^Ga^^s (0<x<0.53) layer grown on GaAs showing 11 
dislocations inside the substrate with the sample (a) viewed in exact 
[110], (b) tilted by 30° about the [TlO] axis, and (c) tilted by 40° about the 
[001] axis. The arrows indicate dislocations at the bottom of the pileup. 

[Fig. 2(d)], consistent with 60° dislocations with Burgers 
vectors b equal to j[101] and with a (111) glide plane. We 
notice that a large dislocation loop with a [110] line direc- 
tion located on the right side of this pileup (marked S in 
Fig. 2) disappears even more completely for gju. This dis- 
location loop also hasa Burgers vector equal to j [101], but 
its glide plane is (111). A fulfillment of the invisibility 
criteria g • b=0 but not the g • (b X u)=0 criteria, where u is 
a unit vector in the dislocation line direction, is primarily 
responsible for the remaining visibility of these mixed 
screw- and edge-type dislocations. 

Multiple dislocation loops deep inside the substrate 
or in the graded layer without penetration into the sub- 
strate were frequently seen in the thin areas of the TEM 
specimens. Other examples from the linearly graded 
In^Ga^-As sample are shown in Fig. 3, where two sets of 
multiple loops are visible 2.5 pm apart deep inside the 

FIG. 3. A [110] cross-sectional transmission electron micrograph of a 
linearly graded In,Ga,_^.s (0<x<0.53) layer grown on GaAs showing 
two sets of dislocation loops deep inside the GaAs substrate. 

GaAs substrate. The one with five loops aligned along the 
[101] direction apparently formed by glide on a (111) 
plane, and the other one with three loops aligned along the 
[Oil] direction formed by glide on a (111) plane. A rough 
estimate of the density of multiple loop structures in the 
graded region and substrate is 2x lOVcm2. 

The 0.5-/zm-thick Ino.52Gao.4gAs layer, grown on the 
graded In,Ga,_^.s buffer layer on GaAs, had no thread- 
ing dislocations detected within the resolution of plan-view 
(TEM), which is about lOVcm2. However, misfit disloca- 
tions with density =:6x lOVcm running only in the [110] 
direction were observed at the InP/InO52Ga048As inter- 
face. This is not surprising since the actual In composition 
was slightly off the lattice-matched target composition 
x=0.53. Extra dislocations generated at this interface were 
observed to thread into the bottom two quantum wells (20 
and 10 nm) resulting in a dislocation density of 2x lOVcm 
and 1X lOVcm, respectively. Nevertheless, no threading 
dislocations were observed in the top two wells (2 and 5 
nm wide). The perfection of the structural properties of 
these two quantum wells was supported by their optical 
properties.13 The intensities and linewidths of their exci- 
tonic peaks are comparable to similar structures grown 
lattice matched on an InP substrate.13 

Multiple dislocation loops were also detected in the 
InGaP/GaP lattice-mismatched system, as shown in the 
TEM micrograph of Fig. 4. In this example, five loops are 
observed in the GaP substrate. Moreover, double sets of 

FIG. 2. A Burgers vector analysis of one set of dislocation loops and a 
single loop (marked S) next to them in the GaAs substrate: (a) g^o; (b) 
giTi! (c) Sow; (d) Bin- For everv dislocation, a significantly reduced 
contrast occurs for the g-nl reflection. 

multiple loops,4,5,16 i.e., adjacent multiple loops on the 
(111) and the (111) planes, are repeatedly seen in the 
graded region extending from the top, x=0.29 region, to 
the lower part of the buffer and sometimes to the substrate. 
As the micrograph shows, no threading dislocations are 
visible in the uniform, 1.5-/xm-thick, In0.32Gao68P surface 
layer grown on top. Plan-view TEM indicated a threading 
dislocation density of less than 2X106 cm-2. Green light- 
emitting diodes (LED) (560 nm) with good rectifying and 
high reverse-breakdown characteristics  ( 16 V)  at 
room temperature were fabricated with this material.14 

XTEM of Ino.32Gao.4gP samples grown with a step- 
graded buffer layer showed a rough, textured surface 
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ln0.32Ga0.68P 

FIG. 4. A [110] cross-sectional transmission electron micrograph of a 
uniform In^Gao^P layer grown on a linearly graded In^Ga^^P layer 
on GaP. 

loops occur inside the graded layer far above the initial 
interface without penetration into the substrate. Whatever 
the mechanism of formation, it operates at any time during 
the growth of the graded layer and does not necessarily 
require the introduction of dislocations into the substrate. 

In conclusion, we have observed multiple dislocation 
loops, extending from within a linearly graded buffer layer 
to deep inside the substrate, occurring in two lattice mis- 
matched III-V systems: In^Ga,_xAs (0<x<0.53)/GaAs 
and In/ja^jP (0<x<0.32)/GaP. All dislocations in each 
set of loops consist of 60° dislocations with the same Bur- 
gers vector gliding on similar {111} planes. Correlated 
with their appearance in the sample was a low threading 
dislocation density and good optical properties in epilayers 
grown on the surface, InP/In0 53Gao 47As on GaAs or 
In032Gao68P on GaP. The multiple loops were sensitive to 
the composition step size, as we do not observe them in 
step-graded material of the same grading rate. 

This work was supported in part by NSF (PYIDMR- 
9157714) and the Office of Naval Research. 

(wavelength ~50 nm) and no PL response at room tem- 
perature. Tangled dislocations were observed inside the 
step-graded buffer and isolated dislocation half-loops were 
found in the substrate. No multiple dislocation loops were 
detected either in the substrate or in the graded region. The 
top 1^3208068? layer was highly defective with many 
threading dislocations, densities ~3Xl09/cm2. However, 
the presence of multiple loops is not a necessary condition 
for low threading dislocation densities. No multiple loops 
were observed in a three-step, step-graded In^Ga^^As 
buffer layer (Ax=0.1 per step, each step 0.3 /zm thick) on 
GaAs grown by solid-source MBE in a second system.6'7 

Yet, the surface In^Ga^As epilayer also had a low 
threading dislocation densities detected.6'7 Multiple loop 
formation is apparently inhibited by large composition 
steps. 

Single loops both 60" and edge type apparently gener- 
ated by strain relaxation in the surface epilayer are a com- 
mon occurrence at lattice-mismatched interfaces.17 Re- 
ports of multiple dislocation loops in the substrate are 
much less common. Our results from a linearly graded 
buffer are very similar to those described in IriQ 15Gao g5As/ 
GaAs strained-layer superlattices by Lefebvre and co- 
workers18,19 and also in the SiGe/Si system by LeGoues 
et al.16 Both groups have proposed that the multiple loops 
form by a type of Frank-Read mechanism20 operating 
from a reaction between crossed misfit dislocations. Le- 
Goues and co-workers further emphasize that a Frank- 
Read mechanism acts as a multiplication source for new 
misfit dislocations with the multiple loops as by- 
products.4,5,16 In our samples, we find that many multiple 
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InGaAs/lnP and InAsP/lnP quantum well structures on GaAs (100) 
with a linearly graded InGaP buffer layer grown by gas-source 
molecular beam epitaxy 
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A linearly graded In^Gaj.jP (x=0.48-1) buffer layer is used for growing a high-quality InP layer 
on a GaAs substrate. We show that an In^Gaj-^P buffer layer is superior to an In^Ga^yAs buffer 
layer because it is transparent to long wavelengths and allows a less stringent composition control. 
InGaAs/lnP single quantum wells and InAsP/lnP multiple quantum wells grown on the 
InP/InxGai_jrP/GaAs substrate show comparable quality to similar structures grown on InP (100) 
substrates. Photocurrent spectra for the latter exhibit quantum-confined Stark effect near 1.3 /un. 

Recently, linearly graded buffer layers have been re- 
examined for growing device-quality semiconductor materi- 
als on highly mismatched substrates.1-7 We have reported 
good results using a linearly graded In^Ga^As (y=0-0.53) 
buffer layer for growing InP on a GaAs substrate.6,7 How- 
ever, the 2-/un-thick In^Gaj.jAs buffer layer in the 
InP/In^Gaj.yAs/GaAs system is not transparent to long 
wavelengths from InP-based devices. We also observed that 
misfit dislocations may occur at the InP/Ino^Ga^As 
(nominal composition) interface if the composition control is 
not accurate.6,7 

In this letter, we report the use of a linearly graded 
InxGai_xP (x=0.48-l) buffer layer to grow InP on GaAs by 
gas-source molecular beam epitaxy (GSMBE). Similar to the 
InP/InGaAs/GaAs system, this structure is compressively 
strained. However, since In^Ga^^P has a larger bandgap 
than InP for all composition x, a fully transparent pseudosub- 
strate can be achieved. Furthermore, no composition control 
problem exists in this system since the transition between the 
top of the buffer layer (InxGa!_xP, JC->1) and the InP layer 
can be very smooth. InGaAs/lnP single quantum wells 
(SQWs) and InAsP/lnP multiple quantum wells (MQWs) 
were grown and characterized. Photocurrent spectra of an 
InAsP/lnP MQW structure show absorption modulation at 
1.3 fjm, which demonstrates the effectiveness of the 
In^Gai-jP buffer layer. 

Samples were grown on exactly oriented GaAs (100) 
substrates in a modified Intevac modular Gen-II MBE sys- 
tem. Pure hydrides were thermally cracked as group-V 
sources. To achieve a linear indium composition profile (x 
=0.48-1), the indium cell temperature was kept constant 
and the gallium cell temperature was decreased gradually. 
The growth rate of In04gGa0j2P was about 1.6 monolayers/s. 
The total thickness of the graded buffer layer was 2 /tm, 
corresponding to a gradient of roughly 2% mismatch/yum. 

The substrate temperature was decreased linearly from 580 
to 480 °C. Then another layer of InP (0.5-1 /an thick), 
grown at 480 CC, was then used as a substrate for further 
growth. 

Reflection high-energy electron diffraction (RHEED) 
pattern was monitored during growth. Streaky patterns of a 
reconstructed surface were observed through the graded 
InxGa!_xP buffer layer the top InP. RHEED intensity oscil- 
lations on the InP surface were recorded, as shown in Fig. 1. 
The RHEED results indicate that the growth of the highly 
mismatched In,Gai_xP and InP on GaAs was kept in a two- 
dimensional growth mode, which is similar to our previous 
InP/In^Gaj _^As/GaAs work.6,7 Cross hatches along both 
(011) directions, which have been widely observed in strain- 
relaxed layers, were observed under a Nomarski phase- 
contrast microscope. (400) and (422) x-ray rocking curves 
were measured, and the top InP layers were found to be fully 
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FIG. 2. 10 K PL spectra of an InGaAs/InP SQW structure grown on an 
InP/InjGa^jP/GaAs substrate. The dashed curve is for a similar structure 
grown on an InP substrate. The two spectra are normalized to the same unit. 

relaxed in the two perpendicular [110] directions, indicating 
that the In^Ga^^P buffer layer is effective in relieving the 
strain due to lattice mismatch between InP and GaAs. 

To obtain a qualitative assessment of the InP layer, we 
grew an Ino^G^ 47As/InP four-SQW structure on this pseu- 
dosubstrate and characterized it by low-temperature photolu- 
minescence (PL) spectroscopy and [011] cross-sectional 
transmission electron microscopy (XTEM). As shown in Fig. 
2, emission peaks from the four wells are well resolved and 
the peak intensities are strong. The PL line width at 10 K of 
a 5-nm-wide is 11 meV, which is comparable to the values 
measured from similar structures grown lattice matched on 
an InP substrate (7 meV, dashed curve) or on an 
InP/In^Gai _yAs/GaAs pseudosubstrate (10 meV) by the 
same GSMBE system. Figure 3(a) is a (200) dark-field 
XTEM image of the SQWs structure. In the graded 
In^Gaj^P buffer layer we see an unusual dislocation 
structure7 consisting of a double set of multiple dislocation- 
loops glide on two different {111} planes. Surprisingly, un- 
like the case of graded In^Gaj _yAs/GaAs and 
InjGaj-jP/GaP,7 no dislocation loops are observed in the 
first 200 nm of the InxGa] _x? layer nor in the GaAs sub- 
strate, as shown in Fig. 3(b). More study of this phenomenon 
is underway. Dislocations are well confined within the 
graded In^Gaj _XP buffer layer and no threading dislocations 
are observed in the top InP layer and the SQW structure 
within the sensitivity of XTEM. High resolution TEM im- 
ages show the In0.53Ga047As-on-InP interface is atomically 
smooth with 1-2 monolayer roughness. 

Recently, Hou et al. demonstrated that InAsP/InP is a 
promising alternative material system for obtaining 1.3 fim 
devices.89 A 10-period InAsP/InP (100 Ä/150 Ä) MQW 
p-i-n structure was grown on an InP/InxGa].^P/GaAs sub- 
strate. The room-temperature, zero-volt photocurrent spec- 
trum of this diode, with the light shined through the back 
[Fig. 4(a)], is comparable to that of the control sample [Fig. 

FIG. 3. (a) A (200) dark-field XTEM image of the InojgGao^As/InP SQW 
structure grown on an InP/InjGaj.^P/GaAs buffer layer. The InOJgGao47As 
well layers appear darker than the InP barrier layers, (b) A (022) bright-field 
XTEM image of the interface between the graded In/Ja^P buffer layer 
and the GaAs substrate. No dislocation loops are seen in the first 200 nm of 
the InjGai-jP layer nor in the GaAs substrate. 

4(b)], a similar structure grown directly on an InP substrate. 
The estimated half-width at half-maximum (HWHM) of 
these two samples are 12 and 9 meV, respectively. The dif- 
ferent peak positions are due to the compositional variation 
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FIG. 5. (a) Photocurrent spectra under reverse bias. Absorption-peak shift 
due to QCSE is observed, (b) Calculated energy shifts of the electron and 
heavy hole levels under reverse bias. The summation represents the shift of 
absorption peak, which is compared with the experimental values (solid 
circles). 

between the two runs. Our results also compare favorably to 
those reported by Lord et al.10 on a 1.3 (im (wavelength) 
Al^Gsto 67As/Ino 5Gao5As strained MQW structure on a lin- 
early graded In^Ga^As (y=0-0.35) buffer layer on a 
GaAs substrate. In their samples, the HWHM of the exciton 
absorption peak is 14 meV for a small gradient (7.5% In/yum) 
buffer layer but 21 meV for a large gradient (30% ln/fim) 
buffer layer. Although a thicker buffer layer gives better re- 
sults, the long growth time is not desirable. In our experi- 
ment, a narrow linewidth (12 meV) is obtained even with a 
large gradient (25% ln/fim). 

Figure 5 shows photocurrent spectra of the InAsP/InP 

MQW p-i-n structure under reverse bias (up to -4 V). 
Quantum confined stark effect (QCSE) is observed, which is 
one of the critical features of optical modulators. The amount 
of peak shift [Fig. 5(b), solid circles] is consistent with cal- 
culated shifts of electron and heavy-hole subbands under re- 
verse bias based on an "effective well width" model.12 The 
theoretical calculation and material parameters11-13 have 
been discussed in a previous article,9 in which the results of 
InAsP/InP grown on InP were presented. The breakdown 
voltage of this diode, however, is smaller than the devices 
grown on InP. A soft breakdown is observed at -5 V, com- 
pared to -10 V. Nevertheless, the existence of QCSE in the 
photocurrent measurements indicates the structure has an ap- 
propriate material quality for device applications in the fu- 
ture. 

In conclusion, we demonstrate that a linearly graded 
InjGa^jP buffer layer is effective for obtaining a good- 
quality InP on GaAs(lOO). This linearly graded buffer layer 
successfully decouples the InP epilayer from the GaAs sub- 
strate and is superior to the previously reported 
InP/In^Gaj _yAs/GaAs buffer layer. Two-dimensional growth 
mode was maintained during growth. InGaAs/InP SQWs 
with PL intensities comparable to those grown lattice 
matched on InP or InP/In^Gaj _^,As/GaAs substrates were 
obtained. QCSE near 1.3 fim in photocurrent spectra was 
observed on InAsP/InP MQW structures grown on the 
InP/InjGa^jP/GaAs substrates. Our results show that a lin- 
early graded, transparent In/Ja^P buffer layer could be 
viable for integrating InP-based and GaAs-based devices. 
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